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PREFACE. 


This  book  is  intended  to  give  a  fairly  complete  account 
:  present  state  of  knowledge  regarding  the  principles 
1  general  laws  of  chemistry. 

addressed  to  students  of  this  science  who  have 
ady  a  considerable  acquaintance  with  descriptive  che- 
bistr>-,  but  it  is  hoped  that  by  such  students  the  book  will 
;  found  complete  in  itself;  so  that  whili;  it  certainly  deals 
rith  chemical  principles  and  theories  on  the  supposition  that 
its  readers  have  some  knowledge  of  chemical  facts,  yet  the 
book  may  fairly  claim  to  rank  as  a  systematic  treatise  on 

Pj^emical  philosophy. 
f  While  I  have  tried  to  supply  full  information  regarding 
those  points  which  appear  to  me  of  most  importance,  1  have 
also  sought  to  avoid  great  detail,  and  to  present  a  sketch  of 
the  principles  of  chemistry  the  parts  of  which  shall  hang 
t(^etber  as  being  mutually  dependent. 

kTo  know  what  to  omit  has  been  one  of  the  most  difficult 
rts  of  my  undertaking.  The  chemical  student  is  too  often 
bjected  to  a  shower-bath  of  facts;  he  is  made  to  fed  that 


F 


jecti 
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PREFACE.  IX 

KC  in  that  admirable  treatise.  I  have  also  regarded  the 
(Ole  subject  from  a  stand-point  somewhat  dificrent  from 
^t  occupied  by  the  German  Professor'. 

To  name  all  the  books  and  journals  from  which  I  have 
rived  assistance  would  be  tedious  and  absurd ;  they  are 
fficiently  indicated  in  the  notes  and  references'. 

I  have  tried  to  rest  every  important  statement  on  first- 
luthority.  When  chemistry  is  regarded  from  the  point 
V   of  the   great  workers   therein,  it  wears   an   aspect 

'  different   from  that  with  which  it  confronts  the  mere 

t-book-taster. 

The  book  is  divided  into  two  parts.  The  first  part  is 
'occupied  with  the  statement  and  discussion  of  the  atomic  and 
molecular  theory,  and  the  applications  thereof  to  such  sub- 
jects as  allotropy,  isomerism,  and  the  classification  of  elements 
compounds,  Somewhat  full  accounts  are  also  given,  in 
part,  of  thermal,  optical,  and  other  departments  of  physi- 
cal, chemistry,  in  so  far  as  the  results  and  methods  of  these 
branches  of  the  science  are  applicable  to  the  questions  re- 
garding the  composition  of  chemical  systems  which  are 
connoted  by  the  term  Chemical  Statics. 


The  second  part  of  the  book  is  devoted  to  the  subjects 
of  dissociation,  chemical  change  and  equilibrium,  chemical 
affinity,  and  the  relations  between  chemical  action  and  the 
distribution  of  the  energy  of  the  changing  system.  These, 
and  cognate  questions,  I  have  ventured  to  summarise  in  the 
jcpression  Chemical  Kinetics. 


■  Ad  Englbh  edition  of  jt/ni/'rii  7A^n'i  U  now  published. 

IC  (uU  llUoi/  ihe  vsiridus  journals  refciicd  ID  sre  given  on  jifi.  i 


^.w  aiibt  cnapter  of  Book  i,  and 
has  helped  me  to  make  many  ir 
and  more  accurate  than  they  wo 

M.  R 

Cambridge,  October  1884. 


The  aim  and  scope  of  the  book  have  not  been  changed. 
The  whole  has  been  thoroughly  revised,  and  Hook  ii  has 
been  entirely  rewritten.  The  revision  will,  I  hope,  make 
clearer  than  before  the  mutual  dependence  of  the  parts. 

Since  the  first  edition  was  published,  much  important 
work  has  been  done  on  subjects  treated  in  Book  l ;  the 
results  of  this  work  have  been  noticed  in  the  present  edition  ; 
at  the  same  time  some  chapters  have  been  shortened,  especially 
that  dealing  with  valency  and  isomerism ;  the  arrangement 
of  these,  and  some  other,  chapters  has  been  altered.  The 
chapters  on  physical  methods  have  been  rewritten. 

When  the  first  edition  was  published,  the  study  of  chemical 
affinity  was  entering  on  a  new  phase;  since  18S4  progress  has 
been  very  rapid,  and  to-day  we  are  much  nearer  the  goal  than 
we  were  five  years  ago.  The  great  importance  of  recent  work 
on  affinity  has  compelled  me  entirely  to  rewrite  Hook  11.  In 
doing  this  I  have  largely  followed  Ostwald's  Lehrbuch  der 
atlgemeinen  Chentie;  without  that  admirable  treatise,  the 
part  of  my  book  dealing  with  affinity  could  not  have  been 
written.     I   am  anxious  to  express,  as  strongly  and  warmly 
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than  is  usual  in  a  book  of  this  ch 
requested  to  pay  attention  to  these 
the  corrections  and  additions  in  the  t 


April  1889. 
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ERRATA. 


T/te  Student  is  advised  to  insert  the  following  corrections  in  their  proper  places 

in  the  text, 

PAGE 

a8.     Note  I',  for  *Chap.  ill/  read  *Chap.  II.  sections  4  and  5*. 

33.  Dele  nos.  11  and  12  in  table. 

„      Note  i\  for  *i888*  read  *14.  410*. 

34.  Note  r,  for  '1888'  read  *14.  4io*. 

„  Notes  II  and  12 ;  dele,  and  substitute  *Biltz  {Zeitsckr,  fUr  physikaL  ChemU^ 
2.  920)  shews  that  the  molecular  weight  of  sulphur  gas  is  represented 
only  by  the  formula  S^, 

38.     Fourth  line  from  top ;  for  *  the  weight  of. of  hydrogen  *  read  •  twice 

the  specific  gravity  of  a  gas  referred  to  hydrogen  as  unity'. 

42.  Fourth  line  from  bottom;  for  '257*0'  (in  fourth  column)  read  '  354*84 *» 

zxA  for  '193'  (in  fifth  column)  rectd  *i9i\ 

43.  Line  5    from  bottom;    in  place  ^  data  for  ferric  chloride  insert  *^'i$  I 

148*68  I  162*01  I  55*9  iron+ 106*11  chlorine*. 

44.  Note  Si  for  '1887'  read  '14.  410'. 
Note  6 ;  dele  and  insert  *  Biltz  and  Meyer,  Zeitschr.  fiir  physikal,  Chemie^ 

2.  184*. 
Note  12;  dele  and  insert  'Griinewald  and  V.  Meyer,  Ber,  21.  687*. 

45.  7a^/^ ;  ^/f  last  column. 
48.     Table \  for  *[Iron  in -8]*  read  'Iron  55*9',  andy&r  '[Gallium  138]'  read 

'Gallium  69*9*. 
„       Table;  for  'Osmium  i93(?)'  read  *  Osmium  191*. 
,,      Note  i;  dele* 

„      Note  1%  for  'elements*  read  'element'. 
53.     Bottom  line ;  yw-  'in'  recul  'on*. 
60.    Second  line  from  top;  for  'omitting  the  three  elements  which  are  placed 

in  brackets  in  the  former  table,  of  the  43  elements'  read  'omitting  the 

element  which  is  placed  in  brackets  in  the  former  table,  of  the  45 

elements*. 
„      Fourteenth  line  from  \.o^\for  'there  are  three  elements viz.  iron, 

copper,  and  gallium'   rectd   'there  is  one  element viz.  copper'; 

and  make  the  necessary  corrections  in  other  parts  of  this  pc^e, 
71.     Sixth  line  from  bottom ;ybr  'form'  recui  'forms'. 
88.    Third  line  from  top  of  table,  second  column;  for  'Fe^CV 

r«A/'FeCV.  \   %^  Addenda. 

fifth  column;  dele  '[see  p.  60]' 


>> 


I) 


ti 


^n«6. 


See  AJdcHda. 
,  and/**-  '37'  reaii  '39'. 


',  and  Iraaspose  Os  BPid 


Second  line  from  boltom  of  laiAt;  for  '193'  rtad  '  191 ';  ybr  '48 '55'  reorf 
'47'7S';  a^<»'  'Osniium  letroxide'  ojy  '  Potassium -osmium  chloride'; 
iiWf  note  in  column  viii.  refemng  to  osmium;  trampete  daia  Tegntding 
csroium  so  as  to  come  above  data  Toi  iridium.     See  Addenda. 

Jfolt  carried  ov,  from  p.  98  ;  delt  last  two  lines  of  this  note. 

Xelt;  dtk  tliis  note 

A%ft;  ofc/r  "deienoinations  of  the  spec,  gravity this  question"  ind 

imirl  'According  to  Thorpe  and  Hamhly  (C  S.  JoHrnaI,V6.  163}  ihcre 
is  Do  evidence  for  the  separate  existence  of  a  definite  gaseous  molecule 
of  hydK^en  fluoride  other  than  HF'. 

Line  ii  from  bottom  ;  fer  '37'  rod  'jg' 

Line  [i  from  bottom; yiw  'six'  rtad  'nine 

Line  18  from  hottomj  far  'six'  rtad  'nine 

Line  i»  from  bottom  i^w  '37'  riaJ  '39'- 

Linc  13  from  Lopj^w  'sin'  rtad  'five',  and  dtli  'sulphur'. 

Line  18  from  top;  dilt  from  *the  molecule  of  sulphur'  to  'a  atom 

Line  6  from  holtom;  dtk  from  'of  Ihe  hejiatomic'  10  'of  sulphur', 

Line  13  from  boltom;  dttt  from  'another  instance'  lo  'SnClj'. 

Line  1  from  bottom 5  for  'carbonalion'  raxd  'carbon  atom'. 

tine  to  from  bottom;  for  '195'  nad  '  195"'. 

Tablt,  Group  n\\fi>r  'Ga=6g'  nad  'Ga^jo'. 
„  „  WW.  for  'Os=i93(?)'  rtad  '03=11 
Ir,  putting  Os  before  Ir. 

Line  15  from  lop;  for  '58J'  read  'fSj"'. 

Line  14  from  bottom  j/^r  '6g'  read  '70'. 

Line  1  from  lop ;  for  'Sg'  rtad  '69*9'. 

TMt,  Group  lii;/i»  'Ga  =  69'  rtad  'Ga=7o'. 
,.        „     Vlll ;  far  'Os=  193'  read  'Os=  iqi  ',  and  place  Os  before  Ir. 

Line  8  from  bottom  ;   paragrapkiitg  ■a/rang,  for  '41 '  rtad  •  1*1 '. 

Nitty,  far  'Jimmal'  rtad  'Zeitschr'. 

Inlhec<iuation;/w'(/-j-)=^(^  +  jr)'  rtad  ■(/>_j)  =  l  (/>■  +  ,)'. 

LineS  from  bolloro;^  'constant'  rtad  'coeHicient'. 

Line  3  from  top;  far  *cases  where  more  than  one  body  undergoes'  read 

'cases  where  limited  quantities  of  more  than  one  body  undergo'. 
Line  s  from  top;  for  'if  A  =  FeSOj  and  B  =  KCIO,"   rend  'if   A  =  the 

iiuanliiyof  poiassium  chlorate  and  B  — the  quantity  of  ferrous  sulphate'. 
Line  ii  from  lop;  far  'obtained'  read  'atlnined'. 
Line  14  from  bottom;  diU  'and  as  these  maisea  are  independent  of  the 

original  values  of/  and  /". 
Line  16  from  bottom:  dtit  'constancy  of  the'. 

Line  1 3  from  top;  afttr  'and  therefore'  initrt  'by  the  same  reasoning". 
Line  5  frxim  top;  delt  'and  \', 

Lines  9  and  10  from  bottom  ;yi'r  'increase'  rtad  'decrease'. 
Line  17  from  biillom ; yif  'greater'  rtad  'smaller', 
Line  Ii  from  botlomi/cr  'bercase'  r(*/  'decrease', 
Line  ij  from  top;  far  'a  Constant  temperature'   rtad  'constant  Lemper- 
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ADDENDA. 


TA€  Student  is  advised  to  insert  the  following  additions  in  their  proper  plmca 
in  the  text, 

PAGE 

34.     Line  3  from  top;  add  'Biltz  and  Meyer  {Ber,  32.  725)  have  ▼aporiscd 
arsenic,  antimony,  bismuth,  phosphorus,  and  thallium,  at  about  1700''; 
the  vapour  densities  point  to  the  molecular  formulae  Asq*  Sb^,  Bi,  ?Psf 
Tlj.    These  results  are  not  regarded  as  final  by  Biltz  and  Meyer*. 
39 — 43.     Insert  in  table ; 

*8^  Tellurium  diethide  6-47     i86-8     183-88     125   tellurium +47-88   carbon 

+ 10  hydrogen'. 
*^  Bismuth  triethide      9-1       a6a-a    95^*91     «o8  bismuth  +35 '91    carbon 

+  9  hydrogen  *. 
•*••  Ferrous  chloride       4-31     124*43137*64      55*9  iron      +71-74  chlorine'. 
44.    Note  I ;  add  *See  also  Thorpe  and  Hambly  C  S.  journal,  06.  163'. 
Insert  Note;  *3**  and  3*.     Marquardt,  Ber,  81.  3035 '. 
Note  1 1 ;  in  loth  line  of  note  insert  'see  also  Roux  and  Louise,  Compt.  rend, 
106.   73;  also  Quincke,  Zeit.  fUr  physikal,  Chemie^  8.  164.     For  a  col- 
lection of  data  bearing  on  vapour  densities  of  the  chlorides  of  Al  and 
allied  metals,  see  Young,  Nature,  89. 198*. 
Insert  note;  *ii\     Nilson  and  Pettersson,  C  S,  journal,  08.  817*. 
Note  13 ;  at  end  of  note  add  'See  also  Nilson  and  Pettersson,  C  S,  youmal, 
68.  823'. 
76.     Note;  add  *  For  practical  methods  of  applying  Raoult's  law  see  (among 
others)  Hentschel  Zeilschr, /iir  phjfsihal,  Ch^mie,  2.    306;   Beckmann, 
ibid,  2.  638,  Eykman,  ibid,  2.  964 '. 
83.    Note  ;  add  *  The  example  given  in  the  text  is  not  a  good  one,  as  the  existence 
of  any  definite  gaseous  molecules  of  ferric  and  ferrous  chloride  except 
FeGs  and  FeCl^  is  very  doubtful;  see  p.  44'. 
88.     First  line  of  table,  second  column ;  add  *?  CrCl^'. 

Eighth  line  of  table,  second  column;  add^GaCl^,  GaCl,'. 
90.     Sixth  line  of  table,  second  column ;  add  *  InCl,,  ?  InCl  . 
95.     Reference  to  Os ;  add  *  Seubert,  Ber,  21.  1839'. 

Reference  to  Pt ;  add '  (See  also  Seubert,  Btr,  21.  9179) '. 


t>8. 

t 

•98. 


To  list  of  monoviklent  atoms ;  aJif'?1it'. 

Ta  list  or  divalent  ittoms ;  adii '  In,  Oft.  Fe,  ?  Cr '. 

Totuloftrivalenlalonu;  aJd'J^.Q^'. 

To  list  of  dills  on  lower  part  of  page;  add  '?IiiC!,  InCl^  VtCit,  FeCl,, 
GflCl,.  Gaa,. }  CtCl,'. 

Line  7  &om  boltomi  iWfft '  the  atoms  of  gallinni,  iron,  and  indium,  and 
probably  also  the  atom  of  chromium,  are  divalent  and  trivaleot'. 

Nalt  y.  Olid  Kt3  this  note,  'But  de  Boisbaudnin  has  calculated  (he  atomic 
weights  of  ^tium  and  germanium  from  considerations  based  on  (he 
relations  between  the  atomic  weights,  and  the  wave-lengths  of  the  chief 
linei  in  the  spectra,  of  similar  dements.  (See  articles  OaLlllnin  and 
OtnouUnm  in  the  new  edition   of  Watts'  Dic/ionary  of  Chemistry. 

vol.  II.)'. 

Nvte;  addxn  this  note  'The  following  data  for  selid  mercury  compounds 
arc  given  by  Nemst  {ZtUnkr.  fiir  physUiai.  Ckrmu,  3.  ij), 
[He.  CV]  =  53.ioo  (Bg,  Sr»]  =  +o.sooo  [Hg.  I>]  =  l^,3oo•. 

ffettf);  add  •  Ste  a\so  Canndj.  Z^iticAr.  for pAyiiial.  Chemit,  S.  iio'. 

NMci  add  -Weegman  (Zeitichr.  fiir  fikyntal.  Chtmit,  a.  iiB.ijS)  has 
conducted  a  series  of  very  careful  measurements  of  R  for  cbloro-  and 
bromo- derivatives  of  hydrocarbons;  his  results  on  the  whole  confirm 
those  of  Btiihl  1  ihey  also  emphasise  the  need  of  further  researches'. 

Notty,  add'\VI».  s6i'. 

NeU  1;  lo  list  of  memoirs  add  'An  historical  sketch,  by  Kopp,  of  the 
pmiliun  of  our  knowledge  of  the  molecular  volumes  of  liquid  compounds 
is  to  be  found  in  AHnalat,  aw.  r  [1889]'. 
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*'  L'action  chimique  est  r^ciproque :  son  effet  est  le  r^ultat  d*iine  tendance 
mutuelle  k  la  combinaison ;  on  ne  peut  pas,  k  la  rigeur,  dire  plutdt  qtt*un  liquide 
agit  sur  un  solide,  qu'on  ne  peut  dire  que  le  solide  agit  sur  le  liquide:  la 
commodity  de  Texpression  fait  transporter  sans  inconvenient  toute  Taction  dan 
Tune  des  deux  substances,  quand  on  veut  examiner  Teffet  de  cette  action  plntAt 
que  Taction  elle-m8me.*'    Berthollbt. 
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Chemistry  is  preeminentJy  the  science  which  concerns 
itself  with  the  changes  presented  in  material  phenomena;  it 
is  the  science  which  attempts  to  classify  the  mutations  that 
matter  undei^oes. 

In  the  chemical  examination  of  any  kind  of  matter  two 
questions  have  always  pressed  for  answers: — What  can  this 
substance  do?  Of  what  is  this  substance  composed?  While 
attempting  to  answer  these  questions  separately,  and  while 
thus  more  or  less  adopting  two  schemes  of  classification, 
chemists  have  for  the  most  part  recognised  that  no  complete 
answer  could  be  given  to  either  question  considered  wholly 
apart  from  the  other;  hence  the  two  methods  of  chemical 
investigation,  and  the  two  lines  of  chemical  advance,  have 
generally  been  closely  interwoven. 

In  older  times  a  substance  was  said  to  be  capable  of 
doing  this  or  that  because  it  contained  certain  elements  or 
essences;  substances  were  classed  together  because  of  simi- 
larity of  actions,  but  the  points  of  resemblance  on  which 
classification  was  based  were  uncertain  and  undefined;  the 
conception  of  element  was  paramount.  The  substances  in 
a  class  shewed  many  or  a  few  points  of  resemblance  because 
each  member  of  the  class  contained  the  same  elemet^t,  and 
hence  was  a  more  or  less  perfect  means  foe  exhibiting  the 
properties  of  that  element.  The  ideas  of  composition  and 
properties,  as  we  now  use  these  expressions,  were  both  Im- 
1  plied  in  the  older  conception  of  element. 
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If  it  be  granted  that  the  various  forms  of  matter  are 
vehicles  for  displaying  the  properties  of  a  few  elements,  it 
follows  that  the  addition  or  withdrawal  of  this  or  that  ele- 
ment will  probably  suffice  to  change  one  into  another  form 
of  matter.  Hence  arose  the  art  of  alchemy  and  the  pursuit 
of  the  philosopher's  stone.  This  pursuit  resulted  in  the  ac- 
cumulation of  many  facts  most  of  which  could  for  some  time 
be  explained  by  aid  of  the  one  underlying  general  concep- 
tion of  element  But  as  facts  accumulated  the  foundation 
was  found  to  be  too  narrow  to  bear  the  structure  raised  upon 
it;  a  need  was  felt  for  minor  explanations  and  for  partial 
hypotheses.  Observers  began  to  contrast  sour,  acid,  sub- 
stances, with  mild,  tasteless,  non-corrosive,  substances;  hence 
arose  the  division  of  a  large  class  of  bodies  into  two  minor 
classes,  acids  and  alkalis.  This  classification  when  carried 
to  completion  produced  the  school  of  /^/r<?-chemists,  in 
whose  hands  chemical  science  became  a  branch  of  the  art 
of  medicine.  But  once  again  facts  were  observed  which 
could  not  be  explained  by  the  theories  of  the  medical 
chemists:  the  experimental  method  was  recognised  as  alone 
leading  to  definite  and  trustworthy  results  in  the  examination 
of  natural  phenomena;  but  the  experimental  method,  it  was 
found,  to  be  of  value  must  be  accurate,  and  to  be  accurate 
must  be  quantitative.  Advance  became  rapid.  The  con- 
ception of  element  remained,  but  in  modified  form ;  the  dis- 
tinction between  alkali  and  acid  remained,  but  proved  to 
mean  at  once  less  and  more  than  its  originators  supposed. 
Bodies  were  compared  as  to  their  actions  and  as  to  their 
composition  ;  the  comparison  led  on  the  one  hand  to  the 
recognition  of  force  exerted  by  one  body  on  another,  called 
affinity,  and  on  the  other  hand  to  the  recognition  of  ultimate 
forms  of  matter,  called  elements,  of  which  all  bodies  are  com- 
posed. 

From  this  point  the  two  broad  paths  of  advance  become 
more  easily  distinguished ;  advance  is  made  by  seeking  answers 
to  questions  such  as  these : — What  is  the  nature  of  the  ele- 
ments ?  What  is  the  composition  of  compounds  ?  Can  the 
facts  regarding  elementary  combinations   be    generalised? 
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Ivance  is  also  made  by  pursuing  inquiries  indicated  by 
such  questions  as  these: — What  connexion,  if  any,  exists 
between  the  properties  of  elements  and  of  compounds  of  these 
elements  ?  What  actions  are  these  compounds  capable  of 
performing?  And  advance  is  also  made  by  combining  both 
methods  of  inquiry  in  seeking  answers  to  such  a  question  as 

Js; — Why  are  the  properties  of  these  compounds  such  as 

ley  are  observed  to  be ? 
At  one  time  those  chemists  for  whom  the  composition  of 
compounds  was  all-important  have  been  supreme;  at  another 
time  the  place  of  authority  has  been  occupied  by  those  who 
r^arded  function,  or  power  of  doing,  as  the  essential  subject 
of  study,  The  greatest  outcome  of  the  work  of  the  former 
school  is  the  atomic  hypothesis,  now  merged  in  the  wider 
molecular  and  atomic  theory;  the  most  important  result  of 
the  studies  of  the  latter  school  is  the  conception  of  chemical 
affinit>- ;  both  have  taken  part  in  the  development  of  the 
modern   views   regarding   molecular  structure   and    rational 

lUliE, 

While  assigning  the  credit  of  special  advances  to  one  of 
the  two  great  schools  of  chemistry,  we  cannot  but  recog- 
nise that  these  advances  have  been  made  by  the  help  of 
suggestions  borrowed  from  the  other:  recent  developments 
of  the  atomic  theory  cannot  be  separated  from  the  rise  of  the 
unitary  system ;  the  latest  hypotheses  regarding  the  structure  of 
molecules  are  connected  with  the  subject  of  chemical  affinity. 
Eighty  years  ago  Berthollct  attempted  to  arrange  the 
facts  of  chemical  action  under  a  general  conception  which 
ihould  serve  to  connect  chemical  with  physical  changes;  but 
■Ihe  attempt  was  only  partially  successful  because  of  the  scanty 
ipply  of  purely  chemical  data.  General  views  of  chemical 
action  were  soon  abandoned  for  a  study  of  the  properties  of 
the  products  of  this  action;  but  of  late  years  many  chemists 
have  resumed  the  investigation  of  the  general  conditions  of 
chemical  action,  and  have  obtained  results  which  give  good 
grounds  for  hoping  that  this  study  will  throw  light  on  the 
masses  of  facts  already  accumulated  concerning  compounds, 
^J  groups  of  compounds,  and,  taken  along  with  that  method 
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of  investigation  which  is  based  on  a  study  of  the  composition 
of  compounds,  will  lead  to  the  establishment  of  chemistry  as 
a  branch  of  the  science  of  physical  dynamics. 

The  study  of  the  motions  of  material  bodies  considered  as 
accompanying  mutual  actions  between  these  bodies  belongs 
to  the  general  science  of  dynamics.  Phenomena  presented 
by  mutually  acting  bodies  wherein  the  properties  of  these 
bodies  are  not  permanently  modified  belong  to  the  domain  of 
physical  science.  Chemistry  deals  with  those  reactions 
between  elements  and  compounds  wherein  permanent  modifi- 
cations in  the  properties  of  the  bodies  occur.  Or,  we  may 
say  that  whereas  physical  science  is  concerned  with  the  pro- 
perties of  this  or  that  kind  of  matter  considered  for  the  most 
part  apart  from  the  action  on  it  of  other  kinds  of  matter, 
chemistry  is  concerned  with  the  mutual  actions  which  occur 
between  matter  of  different  but  definite  kinds  whereby  per- 
sistent changes  in  the  properties  of  the  reacting  kinds  of 
matter  occur. 

Chemistry  furnishes  problems  for  the  solution  of  which 
physical  and  dynamical  methods  are  applicable.  Chemical 
science  is  ever  tending  toward  abstract  truths,  i.e.  truths 
involved  in  many  phenomena  although  actually  seen  in  none: 
but  before  she  gains  abstract  truths  chemistry  amasses  many 
general  truths,  i.e.  'truths  which  sum  up  many  facts.** 

The  chemist  is  set  to  solve  the  problem : — Why  are  the 
properties  of  elements  and  compounds  permanently  modified 
under  certain  conditions.^  In  attempting  to  find  a  solution, 
he  must  divide  the  phenomena  which  he  observes  into  their 
factors,  and  study  each  of  these  as  far  as  possible  indepen- 
dently of  the  others. 

The  chemist  need  not  regard  the  methods  pursued  by 
those  sciences  which  are  more  concrete  than  his  own, 
although  he  may  furnish  them  with  subject-matter  for  in- 
vestigation ;  inasmuch  however  as  the  science  of  matter  and 

^  The  abstract  and  the  general  truths  of  chemistry  are  scarcely  yet  lo 
differentiated  as  to  allow  of  each  class  being  considered  separately.  I  do  not 
purpose  attempting  more  than  a  very  rough  separation  in  this  book. 
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btion  is  a  more  abstract  science  than  that  of  chemistry,  he 
Hist  seek  help  for  his  work  in  the  methods  of  that  science, 
llways  remembering  that  this  help  is  given  to  solve  chemical 
problems,  and  that  with  purely  physical  problems,  he,  as  a 
chemist,  is  not  concerned'. 

Pursuing  then  an  ahnost  purely  analytical  method  the 
chemist  finds  that  his  subject  branches  off  into  two  main 
divisions.  The  properties  of  bodies  are  modified ;  he  studies 
the  relations  between  the  new  substances  and  tliose  by  the 
mutual  action  of  which  the  new  bodies  were  produced  :  but 
changes  in  the  properties  of  bodies  involve  a  consideration  of 
the  relative  positions  of  the  changing  body  and  of  other 
bodies,  in  other  words  involve  the  action  of  force  ;  he  en- 
deavours to  elucidate  the  laws  of  action  of  this  force. 

The  hypothesis  that  bodies  consist  of  small  parts— called 
molecules — in  motion,  is  one  of  the  lines  along  which  dyna- 
mical science  pursues  its  advance  into  the  sphere  of  chemistry. 
I  be  study  of  chemical  phenomena  is  also  brought  within  the 
|le  of  dynamical  methods  by  the  application  to  these  pheno- 
jena  of  the  general  principles  of  the  conservation  and  de- 
^dation  of  energy'.  The  latter  (thermo-dynamic)  method 
more  applicable  to  the  study  of  the  laws  of  chemical  forces 
ian  of  the  properties  of  the  substances  depending  on  the 
■ions  of  these  forces,  which  properties  have  been  chiefly 
bcidated  by  the  help  of  the  molecular  theory. 
We  may  indeed  study  relations  between  forces  accom- 
panying changes  in  the  distribution  of  certain  material  magni- 
tudes, which  we  may  call  molecules,  without  reference  to  what 
is  generally  known  as  the  molecular  theory  of  matter. 

But  it  seems  certain  that  no  chemical  phenomenon— and  it 
is  well  for  the  student  to  bear  in  mind  that  the  chemical  part 
is  always  but  one  aspect  of  any  natural  occurrence — can  be 
fully  explained  unless  both  methods  of  investigation  are 
applied  ;  unless  the  relations  between  the  reacting  bodies  and 
iducts  of  the  reaction,  and  the  relations  between  the 

being  mure  concrete,  ii  less  exact  than  physics;   maihemaiical 
Karcelf  a*  yet  b«  applicil  to  purely  chemical  data. 

lAKHVeW:  Sdmit  Con/trmefi  at  SBHth  A'rnn'iiitoH,  |R;«. 
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forces  exhibited  in   the  phenomenon  in  question,  are  con- 
sidered. 

In  the  following  pages  an  attempt  is  made  to  gather 
together  the  more  important  data  on  which  the  leading 
generalisations  of  chemistry  are  based,  and  in  the  light  of 
this  material  to  discuss  these  generalisations. 

By  the  use  of  the  terms  Chemical  Statics  and  Oumical 
Kinetics  I  would  indicate,  roughly,  that  the  phenomena  in- 
cluded under  the  first  of  these  headings  are  on  the  whole 
those  exhibited  by  chemical  bodies  or  systems  of  bodies  in 
equilibrium,  while  the  phenomena  classed  together  as  chemical 
kinetics  relate  more  to  bodies  or  systems  of  bodies  when 
chemically  active. 

It  may  seem  pedantic  to  make  use  of  terms  having  definite 
and  precise  significations  when  from  the  very  nature  of  the 
facts  they  can  be  employed  only  in  the  broadest  and  roughest 
w^y.  I  only  wish  to  indicate  that  the  subject-matter  of 
chemical  science  is  considered  in  this  book  as  divisible  into 
two  large  parts,  of  which  one  comprises  the  facts  and  prin- 
ciples concerned,  on  the  whole,  with  chemical  composition, 
and  the  other  those  which,  broadly  speaking,  relate  to  chemical 
action. 

It  will  of  course  be  found  that  chemical  occurrences  pre- 
sent, I  think  one  may  say  always  present,  both  statical  and 
kinctical  problems ;  the  two  sides  of  any  chemical  problem 
can  scarcely  be  regarded  apart,  in  the  present  state  of  know- 
ledge at  any  rate,  without  danger ;  it  may  therefore  be  that 
phenomena  ranked  by  one  chemist  as  statical  would  by 
another  be  classed  as  kinetical. 

I  begin  by  considering  the  facts  and  principles  roughly 
classed  as  statical,  because  although  the  study  of  kinetics 
seems  naturally  to  precede  that  of  statics,  yet  in  chemistry 
our  knowledge  of  composition  is  much  in  advance  of  our 
knowledge  of  action :  I  then  consider  the  data  and  generalisa- 
tions of  so-called  chemical  kinetics;  and  lastly  I  endeavour 
to  review  some  of  those  phenomena,  explanations  of  which, 
generally  only  very  partial  explanations,  can  be  gained,  or 
hoped  for,  only  by  the  help  of  both  methods. 
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ATOMS  AND   MOLECULES. 


1  The  experimental  foundations  of  the  modern  chemical 
atomic  theory  were  laid  in  the  later  years  of  last  century- 
by  the  German  chemist  Richter'.  The  work  of  Bergniann', 
although  of  earlier  date  than  that  of  Richter,  cannot  be  re- 
garded of  equal  importance  as  concerns  the  history  of  the 
atomic  theory. 

Richter  studied  the  neutralisation  of  act'ds  by  bases,  and 
of  bases  by  acids,  and  shewed  that  a  definite  amount  of  acid 
(or  base)  always  combines  with  a  definite  amount  of  base 
(or  acid)  when  neutralisation  is  accomplished.  By  determining 
the  masses  of  various  bases  neutralised  by  one  and  the  same 
mass  of  each  acid,  and  the  masses  of  various  acids  neutralised 
by  one  and  the  same  mass  of  each  base,  Richter  was  able  to 
arrange  many  acids  and  bases  in  order  of  neutralisation. 
Fischer*,  in  1803,  published  the  first  table  of  chemical  equi- 
valents, Richter  had  given  a  series  of  numbers  for  each  base 
expressing  the  quantities  thereof  which  would  neutralise  iocx> 
parts  by  weight  of  sulphuric  acid,  or  1000  parts  of  hydro- 
chloric acid,  or  1000  parts  of  nitric  acid  &c. :  Fischer  saw 
that  it  was  sufficient  to  attach  a  single  number  to  each  base 
and  a  single  number  to  each  acid ;   1000  parts  by  weight  of 
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sulphuric  acid-bejrtg^-atdoptedis^js  the  unit  of  neutralisation. 
Fischer's  niutibCT^  ^expressed  the -ipasses  of  bases,  or  acids, 
which  werg  of  equal  value  so  far-  ffs  power  to  neutralise  a 
constant  iflass  of  a  certain  acid  or  base  was  concerned*. 

Foreshadciii'iiigs  of  the  atomic  theory,  are  to  be  found  in 
a  work  by  A)ii -Higgins  entitled  A  ^tomparative  view  of  tfu 
Phlogistic  and '.'Antiphlogistic  Thearie^''a[ith  Inductions  (1791) 
[see  Henry's,  Lif^^(ff.Dalton  p.-75-<f.'iS^y.]l  but  to  DaUon  is 
undoubtedly  due^fiie  signal  honcur-of  introducing  a  clear  and 
self-consistent  thfeeiy-fegarding^he  composition,  and  structure 
of  chemical  substances,  a  theory  which  in  its  essential  points 
has  stood  the  test  of  rigorous  experimental  verification,  and 
has  adapted  itself  to  the  wants  of  each  successive  school  of 
chemical  thought. 
2  Dalton*,  and  others,  found  that  elements  were  united  in 
many  compounds  in  fixed  proportions  by  weight,  and  more- 
over that  in  certain  compounds  of  one  element  with  others 
the  amount  by  weight  of  this  element  could  be  expressed  by 
whole  multiples  of  one  fundamental  number.  The  facts  re- 
garding the  quantitative  combinations  of  the  elements  are 
expressed  in  the  three  laws  of  chemical  combination  : — 

I.  The  masses  of  the  constituents  of  any  compound 

stand  in  an  unalterable  proportion  to  each  other 
and  to  the  mass  of  the  compound. 

II.  When  two  elements  combine  to  form  more  than  one 

compound  the  masses  of  one  of  the  elements 
which  combine  with  a  constant  mass  of  the  other 
element  bear  a  simple  relation  to  each  other. 

III.  The  masses  of  different  elements  which  severally 

combine  with  one  and  the  same  mass  of  another 
clement  are  also  the  masses  of  those  different 


'  For  more  details  regarding  the  work  of  Richter  and  Fischer,  see  Wurtz, 
Atomic  Theory^  pp.  13 — 21, 

'  It  is  important  to  note  that  Dalton^s  atomic  theory  was  conceived  by  him  In 
1801  from  considering  the  results  di  physical  experiments:  he  distinctly  states  in 
a  paper  on  the  absorption  of  gases  in  liquids  read  to  the  Manchester  Philafi<^>hkad 
Society  in  that  year  that  he  had  lately  been  prosecuting  'with  remarkable 
success/  'an  inquiry  into  the  relative  weights  of  the  ultimate  {larticles  of  bodict.* 
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element?  M'Hi<;h-(ai»ftibine  ivilK.-Eiich  other,  or  they 
bear  a  siriiplenelalion  to  these'rrtasses. 
To  account  for  Ihe  Tacts  of  chemical  combination  Dalton 
recalled  the  atomic  theory  of  the  Greek  philosophers  ;  but  he 
transformed  an  interjisting  speculation  abouf'  the  possible 
causes  of  vaguely  observed  occurrences  into.  a-Bclpntific  theory 
of  quantitatively  es'tai>lishcd  facts,  •,.'•.*' 

Every  chemical  substKlicre,  simple  oi-cOQipound,  is  made 
up  of  atoms,  or  smalt  Vinoivided  part&.'j.  the  properties  of 
each  substance  are  depcndept.'on  the  jjroperties,  and  to  some 
extent  the  arrangement,  of  these  atoms;  the  old  hypothesis 
had  gone  as  far  as  this,  Dalton  added,  the  atom  of  every 
chemical  substance  has  a  definite  mass,  and  although  this 
mass  cannot  be  determined,  we  nevertheless  can  determine 
the  relative  masses  of  the  atoms  of  all  bodies.  It  is  only 
necessary  to  choose  some  substance  as  a  standard,  then  the 
mass  of  the  smallest  quantity  of  any  other  substance  which 
combines  with  the  unit  mass  of  the  standard  substance  repre- 
sents the  mass  of  the  atom  of  the  combining  substance  in 
terms  of  the  unit  chosen. 

As  this  point  is  of  supreme  importance  it  may  be   well 
.hould  have  Dalton's  own  words  before  us.     In  the 
lea/  SysUm  of  Chemical  Philosophy  (1808)  after  discussing 
the  constitution  of  mixed  gases,  Dalton  proceeds  : 

"  When  any  body  exists  in  llic  elastic  state  its  vllimale  particles  are 

wpntaied  from  each  other  to  a  much  greater  distance  than  in  any  other 

; ;  each  particle  occupies  ihe  centre  of  a  comparatively  large  sphere, 

supports  its  dignity  by  keeping  all  the  rest,  which  by  their  gravity  or 

rwise  are  disposed  to  encroach  upon  it,  at  a  rcspcciful  distance. 

en  we  nliempt  to  conceive  the  numhtr  of  particles  in  an  atmosphere, 

somewhat  like  attempting  to  conceive  the  number  of  stars  in  the 

are  confounded  by  the  thought.    But  if  we  Umit  the  subject, 

taking  a  given  volume  of  any  gas,  we  seem  persuaded  that,  let  the 

Istons  be  ever  so  minute,  the  number  of  particles  must  be  tiuitc;  just 

■  given  space  of  the  universe  the  number  of  stars  and  planets  cannot 


Chemical  analysis  and  synthesis  go  no  further  than  to  ihe  separation 

-*  tMlon's  application  of  the  term  alom  to  the  small  fhtmicaUy  ititliTiiiblc 
bl  of  compoundi,  teems  (o  «hew  IhM  lie  did  not  reganj  his  nlDms  as  nlisolulcl)- 
e  tiff  by  Henry,  p.  S8, 
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of  particles  one  (tdmjtnoi^^er,  ai)4.tdtWir*relinion.  No  new  creation  or 
destruction  of  ipatlef-js  within  the  reaCich 'of  cl^emical  agency.  We  might 
as  well  attempt  to  introduce  a  new  plai\et-into^the  solar  system,  or  to 
annihilate  one  already  in  existence,  as  to  t:reate  or  destroy  a  particle  of 
hydrogen.  All  the  changes  we  can  produce  ponsist  in  separating  particles 
that  are  in  a  *s(Wte  ^f  cohesion  or  combinalioi?,  and  joining  those  that 
were  previousl^^itVdistance.  '  .•;■ 

In  all  che*im^a>*investigations  it  has«j^tl)rbeen  considered  an  im- 
portant object  "to^itscertain  the  relative. -m^^^j  of  the  simples  which 
constitute  a  compouif^r.  Bpt  unfortunately  the  inquiry  has  terminated 
here ;  whereas  fronr  OieTelative  wei^his "-iri  ihc  mass,  the  relative  weights 
of  the  ultimate  particles 'X)f''^toms  of  tbelxxlies  might  have  been  inferred, 
from  which  their  number  and  weight  in  various  other  compounds  would 
appear,  in  order  to  assist  and  to  guide  future  investigations,  and  to  correct 
their  results.  Now  it  is  one  great  object  of  this  work,  to  shew  the  im- 
portance and  advantage  of  ascertaining  the  relative  weights  of  the  ultimate 
particles  both  of  simple  and  compound  bodies,  the  number  of  simple 
elementary  particles  which  constitute  one  compound  particle,  and  the 
number  of  less  compound  particles  which  enter  into  the  formation  of  one 
more  compound  particle. 

If  there  are  two  bodies,  A  and  B,  which  are  disposed  to  combine,  the 
following  is  the  order  in  which  combination  may  take  place,  beginning 
with  the  most  simple :  namely — 

I  atom  .of  -^  +  I  atom   of  B=i  atom  of  C,  binary, 

1  „        „ /I +  2  atoms  „  5=1     „      „Z^,  ternary, 

2  atoms  i,  A-k-i  atom    „  B=i     „      „  £,  ternary, 

I  atom    „  /I+3  atoms  „  /?=i     „      „  F,  quaternary, 

3  atoms  ,t  A  +  i  atom    „  B=^i     „      „  CJ,  quatemar)'." 

&c.,  &c. 

Dalton  then  states  the  following  rules  respecting  chemical 
synthesis,  which  he  employed  in  determining  the  relative 
weights  of  the  smallest  chemically  indivisible  parts  of  com- 
pound bodies*. 

'*  I  St.  When  only  one  combination  of  two  bodies  can  be  obtained,  it 
must  be  presumed  to  be  a  binary  one,  unless  some  cause  appears  to  the 
contrary. 

2nd.  When  two  combinations  are  observed  they  must  be  presumed 
to  be  a  binary  and  a  ternary, 

3rd.  When  three  combinations  are  obtained,  we  may  expect  one  to 
be  a  binary y  and  the  other  two  ternary, 

>  By  the  'smallest  chemically  indivisible  part'  of  a  substance  is  meant  an 
amount  such  that,  if  divided,  substances  (or  a  substance)  are  produced  diflerent  ia 
properties  from  the  original  sulMtance. 
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4lh.  When  four  combirtatiyls  'are  observed,  ve  should  expect  one 
o  Urniiry,  and'on^  ij-^iilfrnary."    S;c.  fee, 

"  From  the  application  ol'  tfiese  rules,"  Dalloii  says,  "  to  the  chemical 
iacls  already  well  ascertained,  we  deduce  the  fallowing  conclusions : 
1st.  That  water  is  a  binary  compound  of  hydrogen  and  oxygen,  and 
the  relative  weights  ot  U>e  two  elcmcnlary  atoms  a^c  as  i  :  7  nearly. 
znd.  That  ammonia  is  a  binary  compound  of  hydrogen  and  a;[ote,  and 
the  relative  weights  of  ii>f^  two  atoms  are  as  t  :  >;  nearly.. . .  In  all  these 
c.-ises  the  weights  are  eitptaffld  in  atoms  of  hydio^etv  each  of  which  is 
denoted  by  unity."  '     -  '  '         '  ' 

k  As  an  example  of  Daltun's  applicptldns  of  these  rules. 
Hfet  us  take  the  two  oxides  of  carbon.  These  two  oxides 
are  composed,  according  to  Dalton,  of  5'4  parts  by  weight  of 
carbon  combined  respectively  with  7  and  with  14  parts  by 
weight  of  oxygen :  the  first  of  theso  bodies,  in  accordance 
with  Dalton's  second  rule,  was  considered  to  be  a  binary, 
and  the  second  a  ternary,  compound;  the  formulfe  given  were 
CO  and  CO,  respectively.     [C  =  5-4,  O  =  7.] 

But  Dalton's  CO,  might  have  been  regarded  as  a  com- 
pound of  2"7  parts  by  weight  of  carbon  with  7  parts  by 
weight  of  oxygen,  in  which  case  its  formula  would  have 
been  written  CO  [C  =  Tj]\  Dalton's  CO  would  then  have 
become  C,0  [C,  =  5'4].  The  atomic  weight  of  carbon  would 
be  determined  as  27  or  5-4  according  as  carbon  monoxide 
or  carbon  dioxide  was  decided  to  be  a  binary  compound. 

At  a  later  time  it  was  said  by  some  chemists  that  a  binary 
compound  is  always  more  stable  than  a  ternaiy;  if  this  rule 
were  applied  to  the  case  of  the  oxides  of  carbon,  Dalton's 
number  for  the  atomic  weight  of  carbon  would  be  confirmed'. 
These  examples  illustrate  the  great   shortcoming  of  the 
Daltonian  theory:   the  atomic  weights  of  Dalton  are  cither 
lUltiples  or  submultiples  of  a  certain  number,  but  we  can- 
tell   what    multiple   or    what    submultiplc.     Hydrogen 
king  taken  as  unity,  let  the  relative  masses  of  two  elements 
irbich  form  a  compound  £,  be  Q  and  Q^,  and  let  tlie  atomic 
wights  of  these  elements  be  A  and  A^  respectively;    then 
\:Q^::nA  ■.^t^A^,  where  «  and  w,  are  whole  numbers.     But 
much  as  the  values  of  «,  «,.  A,  and  A^  are  unknown,  it  is 
1  SJee  e«reci»lly  Dottbcny'i  ,ilM.ic  Tht,'iy{-n\i  t.licbii  iS:oS  pp.  119  —  110. 
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evident  that  analj^MS- alone,  aid&d  by  the  Daltonian  theory, 
cannot  determm^f -thtf  atomic  weights*  of  the  elements  which 
compose  the  substance  B, 

This  shjbrtcoming  in  the  theory  could  not  be  supplied 
without  furch^cjdjpita:  Dalton  distinctly  states  that  in  order  to 
determine  thtvilumber  of  elementary  .atoms  in  the  atom  of  a 
compound  acknowledge  of  the  composition  of  many  com- 
pounds of  the  ^ivefi  Elements  is  reqwj*^/ 

4  A  few  montlia'^kfter  the  aitmfciuncenient  of  Dalton's  law 
of  multiple  propoHioriG  and  atojnic  theory,  Gay  Lussac  and 
Humboldt*  began  their  volumetric  investigations  which  cul- 
minated three  years  later  in  the  beautiful  discovery  of  the 
former  naturalist*,  that  gaseous  substances  unite  in  fixed 
volumetric  proportions  which  may  be  simply  expressed. 

There  is  a  constant  simple  relation,  said  Gay  Lussac, 
between  the  volume  of  a  gaseous  compound  and  the  volumes 
of  its  constituent  elements.  Let  one  volume  be  defined  as 
the  volume  occupied  by  unit  mass  of  hydrogen;  then  the 
combining  volume  of  any  gaseous  element  is  always  expressed 
by  a  whole  number;  e.g.  one  volume  of  nitrogen  combines 
with  one  volume  of  oxygen  to  form  two  volumes  of  nitric 
oxide,  two  volumes  of  hydrogen  and  one  volume  of  oxygen 
combine  to  form  two  volumes  of  water-gas,  one  volume  of 
nitrogen  and  three  volumes  of  hydrogen  form  two  volumes  of 
ammonia,  &c.  &c.  Condensation  sometimes  occurs,  some- 
times the  volume  of  the  compound  is  equal  to  the  sum  of  the 
volumes  of  the  combining  elements. 

This  discovery  appeared  to  add  fresh  arguments  to  the 
theory  of  Dalton.  The  ratios  of  the  masses  of  these  com- 
bining volumes  of  the  elements,  hydrogen  being  taken  as 
unity,  represent,  it  was  said,  the  relative  masses  of  the  atoms 
of  these  elements;  and  the  conclusion  was  drawn,  'equal 
volumes  of  gaseous  substances,  measured  at  the  same  tem- 
perature and  pressure,  contain  equal  numbers  of  atoms.* 

5  Dalton  however  refused  to  accept  Gay  Lussac's  gene- 
ralisation, and  regarded  his  experimental  methods  as  un- 
trustworthy.   We   cannot,  I   think,   fail    to  be  struck  with 

1  Journal  de  Physique^  60.  1 39.  '  -Mhii.  d€  la  Soc.  d^Arcutil^  %,  307. 
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justness  of  Daiton's  objection  to  the  statement  'equal 
>Iumcs  contain  equal  numbers  of  atoms:*  he  argued  sonie- 
as  follows: — one  volume  of  nitrogen  and  one  volume 
tof  oxygen  form  two  volumes  of  nitric  oxide;  but  one  atom 
of  nitrogen  and  one  atom  of  oxygen  form  one  atom  of  nitric 
oxide;  therefore,  had  the  above  statement  been  correct,  the 
iVolurae  of  nitric  oxide  would  have  been  equal  to,  not  twice 
great  as.  the  volume  of  oxygen  or  of  nitrogen.  So  again, 
me  atom  of  hydrogen  and  one  atom  of  oxygen  form  one 
atom  of  water,  according  to  Daiton's  rules :  but  Gay  Lussac 
shewed  that  two  volumes  of  hydrogen  combine  with  one  volume 
of  oxygen  to  produce  two  volumes  of  water-gas  ;  hence  the 
atom  of  hydrogen  occupies  twice  the  volume  occupied  by  the 
atom  of  oxygen,  and  therefore  the  statement  of  Gay  Lussac 
is  incorrect.  ]f  Daiton's  definition  of  atom  and  his  rules 
regarding  atomic  synthesis  are  adopted,  Gay  Lussac's  state- 
ment that  'equal  volumes  contain  equal  numbers  of  atoms' 
must  be  abandoned. 

The  difficulty  was  removed  by  Avogadro',  who  (in  iSl  l) 
introduced  the  conception  of  two  kinds  of  small  particles : — 
"  moU'ciiles  iiih'graiitcs,'^  or  as  we  should  now  say  viclccuks ; 
and  "moUdtUs  ^Umailaires,"  or  as  we  should  now  say  atoms. 

The  moUfuks  of  elements  are  decomposed  in  chemical 
processes,  said  Avogadro,  and  the  atoms  unite  to  form  new 
compounds.  "Equal  volumes  of  gases  contain  equal  numbers 
of  molecules"  The  reaction  between  nitrogen  and  oxygen 
inexplicable  by  Gay  Lussac's  law  now  becomes  clear;  each 
molecule  of  nitrogen  and  each  molecule  of  oxygen  divides 
into  two  parts,  and  these  parts  unite  to  form  the  new  mole- 
ilcs  of  nitric  oxide;  hence  there  are  twice  as  many  mole- 
les  of  nitric  oxide  produced  as  there  were  molecules  of 
itrc^en  or  oxygen  originally  present. 

By  thus  recognising  a  higher  order  of  atoms,  as  it  were, 
A'ogadro  reconciled  Daiton's  theory  with  Gay  Lussac's 
iults. 


'  jffutial  dt  PAyiiqiu,  Tl  5S:  also  Etsai  i/'otit  maniirt  dc  diltrmitK. 
a  meUiuItt  fl/mtH/airti  dii  mrfi,  Ac, 
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Ampere*  in  1814  drew  prominent  attention  to  the  hypo- 
thesis of  Avogadro,  and  attempted  by  its  help  to  explain  the 
structure  of  crystals.  But  the  hypothesis  had  come  before 
the  times  were  fully  ripe. 
7  WoUaston*  accepted  Dal  ton's  theory  but  proposed  to 
use  the  word  equivalent^  in  place  of  atom.  In  his  paper 
published  in  18 14  (loc.  cit)  WoUaston  drew  up  a  table  of 
equivalents  which  he  thought  would  be  serviceable  to  the 
practical  chemist  in  determining  the  amount  of  an  acid  which 
would  combine  with  a  given  weight  of  base,  or  the  weight  of 
precipitate  obtainable  in  a  given  reaction,  &c.  He  arranged 
his  numbers  on  a  scale  with  a  slider  attached,  and  adopted  a 
mechanical  contrivance  for  aiding  the  analyst  in  using  the  table. 
Although  Wollaston  employed  the 'word  equivalent  in  place 
of  atom,  his  scale  and  table  must  be  regarded  as  helping  to 
extend  the  use  of  the  atomic  theory*.  For  the  practical  purpose 
which  he  had  in  view  Wollaston  did  not  deem  it  necessary  to 
adopt  any  theory;  at  the  same  time  he  regarded  the  atomic 
weights  of  Dalton,  especially  the  atomic  weights  of  compounds, 
as  too  hypothetical,  and  he  thought  that  equivalents  were  to 
be  preferred  for  most  purposes. 

Wollaston  referred  his  equivalent  numbers  to  oxygen  as 
10:  the  amount  by  weight  of  any  element  which  combined 
with  10  parts  by  weight  of  oxygen  was  regarded  by  him 
as  the  equivalent  of  that  element.  But  the  system  of 
equivalents  was  liable  to  the  same  objection  as  had  been 
urged  against  the  system  of  atomic  weights:  it  was  too 
vague. 

(i)  Thus  7*5  parts  by  weight  of  carbon  unite  with  20 
parts  by  weight  of  oxygen,  said  Wollaston,  therefore  the 
formula  of  the  compound  produced  is  CO,. 

(2)  Again  7*5  parts  by  weight  of  carbon  unite  with  10 
parts  by  weight  of  oxygen,  therefore  the  formula  of  the  com- 
pound produced  is  CO. 

*  A  fin.  Chim,  Phys.  90.  43. 

-  Phil.  Trans,  for  1814,  i  d  seq. 

'  Wollaston  appears  to  have  first  usee!  this  term  in  1808  {Phil,  Trans,), 

^  See  Cannizzaro,  C  S.  yournal  [i],  10.  945. 


EQUIVALENTS. 

:  he  miglit  also  have  said 

(0  375  parts  by  weight  of  carbon  unite  with  lO  parts 
by  weight  of  oxygen,  and  the  formula  of  the  product  ia 
CO  ;  and 

(2)  7'5  of  carbon  unite  witli  10  of  oxygen,  therefore  the 
formula  of  the  compound  is  C,0. 

It  seemed  impossible  to  determine  the  equivalent  weight 
of  carbon,  just  as  in  Dalton's  system  it  was  impossible  to 
determine  the  atomic  weight  of  carbon'. 

If  the  unit  of  equivalency  is  8  parts  by  weight  of  oxygen, 
what  is  the  equivalent  of  copper?  An  electric  current  is 
passed  through  a  voltameter  and  also  through  molten  cuprous 
chloride ;  for  every  8  parts  by  weight  of  oxygen  set  free 
in  the  voltameter  63-5  parts  by  weight  of  copper  appear  in 
the  second  vessel :  cupric  chloride  is  substituted  for  cuprous 
■faloridb,  and  now  3175  parts  of  copper  are  eliminated  for 
very  8  parts  of  oxygen.  So  in  the  compounds  of  copper 
Knd  oxygen,  we  have  in  one  case  635  of  copper  combined 
with  8  of  oxygen,  in  the  other  3175  of  copper  with  8  of 
oxygen. 

So  long  as  the  term  equivalent  was  applied  to  acids  and 
bases,  or  to  oxides,  it  had  a  definite  meaning.  The  mass  of 
oxide  which  neutralised  unit  mass  of  standard  acid  was  the 
[uivalent   of  that   oxide,  because   it  was   equal,  so  far  as 

itralising  power  went,  to  some  other  mass  of  another  oxide. 


;  speak  of  ihe  equivalent  of  a  body,"  said  Cerh.irdi,  "  we 
should  always  indicate  to  what  other  body,  lo  what  functions,  to  whal 
properties,  that  equivalent  corresponds."^ 

Richter  shewed  that  there  is  a  constant  relation  between 

the  amount  of  oxygen  in  an  oxide  and  the  amount  in  the  acid 

which  neutralises  this  oxide :  e.g.,  in  sulphuric  acid,  he  said. 

;  oxygen  is  three  times,  and  in  nitric  acid  five  times,  that 

[the  oxide  neutralised.     This  rule  ivas  made  general.     Now 

^  TTiiK  for  iron   wc  have   the   eqiiiv.ikiils    j8  ani!    i8-6:    for  catlnin.   the 
valcnU  3,  4,  8,  and  11:  for  nilrogen,  ^'6  anil  7-\:  for  oxy^n,  8  and  iG: 
fr^icon,  7  *na  ]-5,  &c.  Ac.     Willtuiuon.  C.  S.  yvurnal,  S2.  31S. 
gOjBlad^J.  ].  Griflin  in  The  Aa^Kot  T^airy  in  Cktmiitry,  p.  ji. 
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the  equivalent  of  aluminium*  was  said  to  be  1375:  tlie 
formula  of  sodium  sulphate,  in  accordance  with  Richter's  rule, 
was  written  NaO  .  SOg;  hence  the  formula  of  aluminium  sul- 
phate should  have  been  written  ALO.SOg  (1375x1  =  amount 
of  aluminium  uniting  with  8  parts  by  weight  of  oxygen)  ;  but 
the  formula  was  almost  invariably  written  Al,Oj .  3SO^  which 
is  a:  departure  from  a  strictly  equivalent  notation. 

1/  Mohr  {Mechanische  Theorie  der  Chemischen  Affinitdt),  who 
strongly  upheld  an  equivalent  notation,  admits  (Joe.  cit. 
pp.  143 — 144)  that  no  equivalency  exists  between  the  oxides 
RO  and  R^Og ;  he  also  despairs  of  determinirtg  the  equivalent 
of  phosphoric  acid.  Those  quantities  of  two  substances  are 
equivalent,  according  to  Mohr,  which  by  interaction  with 
other  bodies  produce  similar  compounds;  but  he  fails  to 
define  'similar  compounds,'  or  rather  he  admits  the  im- 
possibility of  finding  a  definition. 

That  the  masses  of  elements  which  mutually  combine 
do  not  always  represent  equivalent  quantities  of  these  ele- 
ments was  gradually  discovered  ;  but  the  so-called  equivalent 
notation  assumed  that  these  masses  do  represent  equivalent 
quantities  of  the  combining  elements. 

8  The  systems  of  chemical  notation  founded  respectively 
on  the  atomic  weights  of  Dalton  and  on  the  equivalents  of 
Wollaston  continued  to  hold  divided  sway  over  the  minds  of 
chemists*.  A  man  of  preeminent  powers  of  classification  was 
required. 

^  The  reasons  for  adopting  the  number  13*75  w^^e  somewhat  as  follows: — 
18  parts  by  weight  of  iron  combine  with  8  of  oxygen,  therefore  the  equivalent  of 
iron  is  a8;  but  in  ferric  chloride  18x1  parts  by  weight  of  iron  are  combined 
^■ilh  35*5  X  3  parts  by  weight  of  chlorine  (the  equivalent  of  chlorine  is  35'5,  be- 
cause this  is  the  mass  of  that  element  which  combines  with  unit  mass  of  hydrogen). 
Now  aluminium  chloride  is  very  similar  in  properties  to  ferric  chloride,  therefore, 
reasoning  from  analogy,  this  compound  contains  two  equivalents  of  aluminium ; 
but  aluminium  chloride  is  composed  of  the  elements  aluminium  and  chlorine  com- 
bined  in   the   ratio   2 7*5  :  (3  x  35*5),  therefore  the  equivalent  of  aluminium   is 

^    =1375. 

*•'  The  student  who  wishes  to  pursue  this  subject  in  greater  detail  may  consult 
any  of  the  older  text-books,  on  the  laws  of  combincUicn  and  atomic  weights,  e.- 
Turner's  Chtmistry^  pp.  411 — 135 ;  he  will  thus  become  persuaded  how  impossl 
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The  system  of  chemical  classification  and  notation  elabo- 
rated by  Jacob  Berzelius  (1779—1848)  was  essentially  electri- 
cal. The  dualism  of  the  Berzelian  school  was  the  logical 
development  of  the  views  of  Lavoisier  concerning  salts,  and  of 
the  hypothesis  of  Davy  regarding  the  relations  between 
electrical  and  chemical  actions'.  At  present,  however,  this 
part  of  the  work  of  the  great  Swedish  chemist  does  not 
specially  concern  us. 

Berzeliua  recognised  the  necessity  of  extending  the  general- 
isations already  made  concerning  the  combinations  of  atoms. 
To  say  that  when  two  elements  by  combining  together  form 
only  one  compound,  that  compound  is  composed  of  one 
atom  of  each  element,  was,  according  to  Berzelius,  not  fully 
warranted  by  facts. 

To  discover  the  laws  of  atomic  combinations  was  the  task 
that  Berzelius  proposed  to  himself.  He  argued  that  inasmuch 
as  the  number  of  compounds  formed  by  the  mutual  actions  of 
any  two  or  three  elements  is  evidently  very  limited,  there 
must  be  certain  laws  expressing  the  conditions  under  which 
alone  atoms  combine. 

Berzelius  regarded  Gay  Lussac's  law  of  gaseous  combi- 
nation— 'equal  volumes  contain  equal  numbers  of  atoms' — 
afi  the  most  important  of  the  generalisations  made  concerning 
atomic  combinations,  but  he  restricted  the  application  of  this 
law  to  elementary  gases.  He  admitted  that  a  compound  gas 
might  be  composed  of  half,  or  even  less  than  half,  as  many 
itoms  as  composed  an  equal  volume  of  an  elementary  gas; 

did  not  compare  the  atomic  composition  of  elementary 
pound  gases:  he  thus  evaded  the  objections  ur^ed  by 
Dalton  against  the  law  of  Gay  Lussac,  and  at  the  same  time 
lie  declined  to  accept  the  statement  of  Avogadro,  'equal 
olumcs  contain  equal  numbers  oi  mokcules.' 

The  ratios  of  Uic  weights  of  the  combining  volumes  of 

u  to  ile(cnnine  ihe  vb!u«  of  atomic  weifihls  with  wrlninly.     Some  jniereMing 
I  npcdull;   icgnrding   the  |)ropo<ial   lo   give  Iwo  e<[uivnlcnts,   or  atomic 
^hli,   10  tome  of  ilie  elements  will  be  found   in  Giifftn's  Radieat  Thiory. 
\  3«— 4i- 

■  brief  nolice  of  the  »ysleni  of  I!cr«liut  rcgnriing  the  consiiuili'in  o( 
feCh»l>.  n.  Jip.  ItJ— 116, 
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elementary  gases  were  regarded  by  Berzelius  as  representing 
the  ratios  of  the  weights  of  the  atoms  of  those  elements; 
therefore  to  water,  nitric  oxide,  and  ammonia  he  gave  the 
formulae,  H^O,  NO,  and  NH,;  because  two  volumes  of  hydro- 
gen unite  with  one  volume  of  oxygen  to  form  water,  one 
volume  of  nitrogen  unites  with  one  volume  of  oxygen  to 
form  nitric  oxide,  and  ammonia  is  produced  by  the  union  x>{ 
one  volume  of  nitrogen  with  three  volumes  of  hydrogen. 

But  the  volumetric  method  was  of  limited  application  to 
the  problems  of  chemical  synthesis.  Berzelius  attempted  to 
state  general  rules  with  regard  to  the  combinations  of  atoms. 
These  rules  referred  chiefly  to  the  compounds  of  oxygen, 
compounds  which  played  so  important  a  part  in  the  mineral 
chemistry  wherewith  Berzelius  largely  concerned  himself.  The 
most  important  of  the  Berzelian  rules  were  three. 

I.  If  an  element  forms  two  oxides  with  twice  as  much 

oxygen  by  weight  in  one  as  in  the  other,  that  with 
the  smaller  mass  of  oxygen  is  to  be  represented 
as  a  compound  of  one  atom  of  element  united  with 
one  atom  of  oxygen,  and  that  with  the  larger 
mass  of  oxygen  as  a  compound  of  one  atom  of 
element  with  two  atoms  of  oxygen. 

II.  If  an  element  forms  two  oxides,  one  of  which  con- 

tains one  and  a  half  times  as  much  oxygen  by 
weight  as  the  other,  that  with  the  less  oxygen  is 
to  be  represented  as  composed  of  one  atom  of 
element  and  one  atom  of  oxygen,  and  the  other 
compound  as  formed  by  the  union  of  two  atoms 
of  element  with  three  atoms  Oi"  oxygen. 

III.  The  mass  of  oxygen  in  an  acid  is  a  simple  multiple 

of  the  mass  of  oxygen  in  any  base  with  which  the 
acid  combines*,  and  this  multiple  generally  also 
expresses  the  number  of  atoms  of  oxygen  in  the 
acid  :  thus  in  the  case  of  sulphuric  acid  and 
potash,  an  amount  of  acid  containing  24  parts 
by  weight  of  oxygen  neutralises  that  amount  of 

^  This  had  been  stated  by  Richtcr  many  years  before  Berzelius:  tee  miie  p.  t|| 
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putash  which  contains  8  parts  by  weight  of  oxygen. 

therefore,  by  the  Berzelian  rule,  there  are  three 

atoms  of  oxygen  in  one  atom  of  sulphuric  acid. 

When  nitric  acid  neutraHses  potash  there  are  40 

parts  by  weight  of  oxygen  in  the  acid  for  every  8 

parts  in  the  base  ;  therefore  an  atom  of  nitric  acid 

contains  five  atoms  of  oxygen. 

By  the  use  of  these  rules  Berzelius  determined  the  for- 

tauls:  of  many  metallic  oxides  and  salts.     While  he  was  thus 

eng^ed,  Dulong  and  Petit'  announced  their  '  law  of  atomic 

heats' ;  and  shortly  afterwards  Mitscherlich'  made  known  his 

■  law  of  isomorphism,' 

^L     Berzelius  adopted  both  laws,  and   by  their  help',  along 

^Htith  his  own  rules,  he  drew  up  a   table  of  atomic  weights 

^^Mlich  in  very  many  cases  were  almost  identical  with  those 

~     A, 


Table  ok  Atomic  Wei 


{Berztlim':) 


Arsenic 

7533 

Manganese 

57-03 

Silver 

2 16-61 

Cnlcium 

4' ■03 

Sodium 

46-62 

Silicon 

4447 

Chlorine 

3S47 

Phosphorus 

3" '43 

Nitrogen 

14-18 

Iron 

54'36- 

Mercury 

203-86 

Iodine 

123a 

Oxygen 

16-00 

Hydrogen 

=  1. 

Carbon 

I22S 

Sulphur 

32-24 

mined  by  his  rules  are  in  many  cases  open  to  doubt  {Lehrbuch, 
1st  edition,  vol.  III.  part  i.  pp,  87 — 102).  Berzelius  had  a 
remarkable  amount  of  tact;  his  rules  were  empirical,  but  he 
balanced  probabilities  so  well  that  he  generally  got  the  best 
possible  result. 
9  The  scparatio.  which  Berzelius  made  between  the  for- 
mula: of  elementary  and  compound  bodies,  and  his  refusal 

1  See  (I.  49. 

■  See  pi».  69—76. 

*  Bemlius  ibrmulaled  the  law  uf  isomorplii^in  in  ils  beating  on  Ihe  problem  of 
ing  atomic  weigbtdbus;  (i>4rAH>*A,  3rd  cd..  vol.  1- p,  98)  when  one  body 

moiphouG  wilh  anolticr  tbe  iiuaitier  of  atoms  in  which  is  known,  then  Ihe 
pihw  oraEoma  In  the  oihn  is  known  aisu,  because  iumurpbi^m  U  a  mechanical 
«  of  iilentily  ol  atomic  structure. 

•  Jahrtsbtiiihli.  1S26.  ;j. 
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to  accept  Avogadro*s  hypothesis  while  admitting  Gay  Lussac's 
generalisation,  led  him  to  a  very  curious  result. 

Two  volumes  of  hydrogen,  weighing  2,  combine  with  one 
volume  of  oxygen,  weighing  i6,  to  form  two  volumes  of 
water-gas.  Therefore,  said  Berzelius,  two  atoms  of  hydrogen 
combine  with  one  atom  of  oxygen  to  form  one  atom  of  water- 
gas.  But  water  contains  less  oxygen,  relatively  to  hydrogen, 
than  any  other  known  oxide  of  hydrogen,  therefore  it  is 
better  to  regard  it  as  a  compound  of  one  atom  of  oxygen 
with  one  double  atom,  or  with  one  atom  itself  composed  of  two 
equivalents,  of  hydrogen.  Again,  in  the  formation  of  the 
lowest  oxide  of  nitrogen  two  volumes  of  nitrogen  combine 
with  one  of  oxygen ;  but  it  is  better  to  regard  the  nitrogen 
as  composed  of  double  atoms  each  occupying  twice  the 
volume  of  the  atom  of  oxygen.  Once  more;  hydrogen  and 
chlorine  combine  in  equal  volumes,  and  the  volume  of  the 
product — hydrochloric  acid — is  equal  to  the  sum  of  the 
volumes  of  its  constituents ;  but  as  the  hydrogen  atom  was 
regarded  by  Berzelius  as  double,  he  wrote  the  atomic  syn- 
thesis of  hydrochloric  acid  as 

ri2  +  Clj  =  H2CIJ. 
1  vols.  2  vols.    4  vols. 

These  results  are  evidently  to  be  traced  to  the  failure  of 
Berzelius  clearly  to  distinguish  atom  from  equivalent,  and  to 
his  refusal  fully  to  accept  the  distinction  between  atom  and 
molecule  enunciated  by  Avogadro*. 

To  the  great  French  chemists,  Dumas,  Gerhardt  and 
Laurent,  is  chiefly  due  the  introduction  into  general  use  of 
a  system  of  notation  and  classification  founded  on  Avogadro's 
distinction  between  atoms  and  molecules. 
10  Dumas  early  accepted  Avogadro*s  hypothesis;  from  the 
specific  gravities  of  gases  he  deduced  the  relative  weights  of 
the  molecules  of  these  gases :  in  order  to  gain  more  informa- 
tion regarding  molecular  weights  he  introduced  a  new  method 
for  finding  the  specific  gravities  of  gases.     By  this  method  he 

^  For  a  more  detailed  account  of  the  work  of  Berzelius  on  atomic  wdfhts 
Ladcnburg's  Entwickelungsgeschkhte  dcr  Chemiiy  pp.  89 — 100. 
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tietemiincd  the  molecular  weight  of  sulphur  to  be  96,  and 
that  of  phosphorus  to  be  124;  but  from  the  analogy  of 
sulphur  compounds  with  those  of  oxygen,  from  various 
chemical  considerations  regarding  phosphorus  compounds, 
and,  I  think  we  must  add,  from  not  keeping  Avogadro's 
statement  quite  distinct  from  that  of  Gay  Lussac,  Dumas 
convinced  himself  that  these  results  were  incorrect.  The 
molecular  weight  of  mercury  also  seemed  to  be  abnormal. 
Dumas  knew  of  exceptions  to  the  law  of  Dulong  and  Petit, 
Mitscherlich's  law  of  isomorphism  remained ;  but  Mitscherlich 
had  himself  shewn  that  the  same  compound  might  assume 
more  than  one  crystalline  form ;  how  then  could  trustworthy 
conclusions  regarding  atomic  structure  be  deduced  from  so 
vague  a  law?  Dumas,  and  indeed  chemists  generally,  began 
to  despair  of  the  whole  theory  of  atoms  ;  they  tried  to  find 
relief  in  equivalents,  so  called,  and  in  spite  of  the  many 
difficulties  they  gradually  tended  towards  an  equivalent 
notation,  a  notation  which  nevertheless  they  could  not  make 
thoroughly  self-consistent,  but  which  seemed  to  involve  fewer 
hypotheses  than  that  founded  on  the  theory  of  atoms'. 

L.  Gmelin  even  regarded  the  law  of  fixity  of  composition 
as  only  true  under  special  conditions.  When  the  affinity. 
between  two  bodies  is  small,  they  may  be  united,  said  Gmelin, 
in  almost  any  proportions,  when  the  affinity  is  large  they 
tend  to  combine  in  fixed  proportions,  A  number  may  be 
given  to  each  element  representing  the  relative  amount  of 
that  element  which  combines  with  other  elements  to  form 
stable  and  well-marked  compounds;  this  'combining  weight' 
may  be  tailed  'atomic  weight,'  but  it  is  only  a  number. 
Gmelin  adopted  8  as  the  combining  weight  of  oxygen,  6  as 
that  of  carbon  &c.:  the  formula  of  water  on  his  system  again 
became  HO, 

The  notation  used  by  Gmelin  was  at  best  a  compromise, 
and  unsatisfactory,  but  it  was  very  generally  adopted  for  many 
years. 

Inoi^anic  chemistry  had  failed  to  introduce  an  accurate 

'  K'jr  »  £"■•'■'  "Count  of  Dumas'  influence  on  chcniicai  tlieories  tee  !ii» 

L,;i>m  mr  la  Phihtsphu  Chimi^Ht,  Mpulil.iI.ed  in  |S;S. 
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and  satisfactory  theory  of  chemical  structure;  it  was  now  the 
turn  of  organic  chemistry  to  attempt  the  task. 
11  Among  the  most  ardent  followers  of  the  new  chemistry 
introduced  by  Dumas,  were  two  men  whose  names  are  ever  to 
be  associated  as  those  of  a  brilliant  pair  of  students  of  nature 
who  died  all  too  early  for  the  work  which  seemed  given  them 
to  do.  Gerhardt  and  Laurent  occupy  a  prominent  place 
among  the  modern  reformers  of  chemistry;  they  introduced 
order  into  chemical  notation,  and  system,  where  system  had 
been  conspicuous  by  its  absence*. 

In  criticising  the  system  of  so-called  equivalent  weights 
Gerhardt  adopted  the  only  true  method;  he  studied  actually 
occurring  chemical  reactions. 

In  a  number  of  reactions  between  compounds  of  carbon 
in  which  carbon  dioxide,  water,  and  ammonia  were  produced, 
Gerhardt^  found  that  when  so-called  equivalent  weights  of 
the  reacting  bodies  were  employed,  the  smallest  quantities  of 
these  three  compounds  produced  were  always  those  repre- 
sented by  the  formulae  C^O^,  HjO,,  and  NHg,  respectively 
{C  ^6y  N  =  14,  0  =  8).  He  therefore  concluded  that  these 
formulae,  rather  than  the  commonly  accepted  formulae,  CO,, 
HO  (and  NHg),  must  represent  equivalent  weights  of  the 
compounds  in  question.  Similarly  he  concluded  that  the 
equivalent  formulae  of  sulphur  dioxide  and  carbon  monoxide 
must  be  S,0^  and  C,0,  respectively  (S=i6,  O  =  8,  C  =  6): 
and  arguing  from  these  conclusions  he  thought  himself 
justified  in  saying  that  the  true  equivalents  of  carbon,  sulphur, 
and  oxygen,  are  12,  32,  and  16,  and  not  6,  16,  and  8,  as 
generally  adopted.  Gerhardt  likewise  applied  his  acute 
reasoning  powers  to  an  examination  of  the  arguments  which 
determined  Berzelius  and  others  to  adopt  formulae  represent- 
ing weights  of  four  volumes  of  many  carbon  compounds; 
these  arguments  he  proved  to  be  fallacious. 

Laurent  examined  the  groundwork  on  which  the  systems 

^  I^urent's  Chemical  Method  (Cavendish  Society  Publications)  gives  a  geneiml 
account  of  the  more  important  work  of  these  chemists. 

*  7'  fur  prakt,  ChemU^  27.  439;  and  Ann,  Chim,  Phys,  [3]  T.  149:  and  t. 
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equivalent  and  atomic  notation  were  based.  His  methods 
reasoning  were  founded  on  experimentally  determined 
ts,  hence  their  irresistible  force.  If  formula;  are  to  re- 
present equivalent  masses  of  substances,  then  said  Laurent. 
a  standard  must  be  adopted.  But  it  had  been  frequently 
shewn  that  the  quantities  represented  by  so-called  combin- 
ing weights  were  not  always  mutually  equivalent.  Power  of 
neutrahsing  unit  mass  of  standard  substance  might  be  adopted 
as  the  reaction  on  which  to  base  the  system,  but  this  method. 
Bould  be  applied  only  to  a  limited  number  of  substances. 

The  idea  of  equivalency  is  associated  with  function.    What 
is  a  given  substance  capable  of  doing.':   this  question  must 
be  answered  before  the  equivalent  of  the  substance  can  be 
determined.     But  in  one  action  certain  weights  of  two  bodies 
lay  be  equivalent,  while  altogether  different  weights  of  the 
ime  bodies  are  equivalent  in  another  reaction. 
Laurent  affirmed  that  it  was  possible  to  found  a  systematic 
notation   on   equivalent  weights   assigned   to   the  elements. 
Thus,  m  ferrous  oxide  38  parts  by  weight  of  iron  are  combined 
with  S  parts  by  weight  of  oxygen;  let  Fe  =  28,  then  ferrous 
ilphate  is  represented  by  the  formula  Fe,SO,:  but  \n  ft-rrU 
;ide  there  are  2,^  (i.e.  i8-6)  parts  by  weight  of  iron  for 
'cry  8  parts  by  weight  of  oxygen;   let  fe=  iS'6,  then  the 
formula  for  ferric  sulphate   is  fe^SO,.     The  formulas  Fc,SOj 
and  fCjSO,  represent  strictly  equivalent  quantities  of  the  two 
sulphates  of  iron.     So  also  if  the  composition  of  potassium- 
'drogen  sulphate  is  e.vpressed  by  the  formula  KHSO,,  then, 
a  system  of  notation  founded  on  equivalent  weights,  the 
imposition  of  the  double  sulphate  of  potassium  and   alu- 
minium is  represented  by  the  formula  KiAljSO,  (Al  =  27-3). 
But  such  a  notation  is  inconvenient,  and  it  frequently  conceals 
lost  important  facts;   e.g.  in  a  strictly  equivalent  notation 
differences  between  monobasic  and  polybasic  acids  dis- 
thus,  the  compositions  of  the  masses  of  monobasic 
'drochloric  acid,  dibasic  sulphuric  acid,  and  tribasic  phos- 
iric  acid,  which  severally  neutralise  equal  masses  of  potash, 
expressed  by  the  formula;  HCI,  HS^O,,  and   HPj|0,j.  rc- 
tively  (CI  =  35S.  S  =  32.  0=  16,  P=3')- 


i 


24  ATOMS  AND   MOLECULES.  [BOOK  L 

Laurent  returned  to  the  generalisation  of  Avogadro  and 
made  that  the  basis  of  his  system;  he  clearly  distinguished 
between  molecules  and  atoms,  and  he  applied  the  law  of  equal 
volumes  and  equal  numbers  to  molecules  only.  He  admitted 
that  apparent  exceptions  to  the  Avogadrean  law  existed, 
e.g.  the  molecules  of  sulphuric  acid  and  salammoniac  vapour 
appeared  to  occupy  twice  the  volume  occupied  by  the  mole- 
cule of  hydrogen;  but  he  said  that  this  hypothesis  gene- 
ralised the  facts  better  than  any  other  which  had  been  pro- 
posed. 

Laurent  founded  his  system  on  an  atomic  basis,  and  a 
fundamental  point  was  the  distinction  between  atom  and 
molecule.  He  adopted  formulae  representing  two  volumes: 
the  facts  of  'nascent*  action  he  sought  to  explain  by  the  con- 
ception of  atoms  as  distinct  from  molecules.  A  molecule  he 
defined  to  be  "the  amount  of  a  gaseous  substance  which 
occupies  twice  the  volume  occupied  by  an  atom  of  hydro- 
gen," or,  "the  smallest  amount  of  a  substance  capable  of 
taking  part  in  a  chemical  reaction."  An  atom  he  defined  as 
"the  smallest  amount  of  an  element  which  enters  into  the 
composition  of  a  compound."  Here  we  have  the  application 
of  the  term  molecule  to  elements  and  compounds  alike,  while 
atom  is  used  of  elements  only. 

Equivalents  are  the  amounts  of  bodies  which  are  of  equal 
value  in  performing  a  stated  action. 

Gerhardt  and  Laurent  adopted  the  laws  of  atomic  heat 
and  isomorphism  as  aids  in  determinations  of  atomic  weights. 
12  Chemical  evidence  in  favour  of  the  division  of  elementary 
molecules  during  chemical  changes  was  accumulated  by 
Brodie,  Wurtz,  Williamson  and  others;  but  the  work  of  these 
chemists  will  be  referred  to  in  more  detail  when  we  come  to 
speak  of  the  chemical  methods  for  determining  molecular 
weights  (see  pp.  79 — 85). 

Thus,  at  last,  we  have  arrived  at  a  clear  separation  between 
the  meanings  of  the  terms  atom,  molecule,  equivalent 

The  system  now  adopted  in  chemistry  is  essentially  that 
of  Gerhardt  and  Laurent;  it  is  founded  on  the  conception  of 
atoms  and  molecules.     Dalton's  fundamental  idea  has  been 
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iply  confirmed  by  modern  research.     We  have  miiintaincd 
idea  of  equivalency,  but  we  no  longer  speak,  as  Wollaston 
of    the   equivalent   of    an   element ;    we    compare   the 
"elementary  atoms  among  themselves  and  arrange  them  in 
tjroups,  all  the  members  of  each  of  which  are  equivalent  in 
respect  of  a  certain  definite  action  they  are  capable  of  per- 
forming, 

A  true  and  fundamental  conception  once  gained  in  science 
is  never  lost;  it  may  be  lai^ely  modified,  it  may  even  appear 
at  times  to  be  abandoned,  but  it  develops  slowly  and  bears 
much  fruit  at  last. 

The  vicissitudes  in  the  fortunes  of  a  truly  scientific  idea  are 
aptly  illustrated  by  the  history  of  the  atomic  theory.  After  a 
period  of  dormancy  of  more  than  2000  years,  the  atomic 
theory  was  revived  and  rendered  definite  by  Dalton;  was 
firmly  established  on  an  experimental  basis  by  Berzelius;  was 
almost  abandoned  by  the  school  founded  by  the  same 
chemist;  was  rehabilitated  and  again  nearly  despaired  of  by 
Dumas;  was  largely  advanced  by  Avogadro;  was  subdivided 
and  its  parts  clearly  distinguished  by  Gerhardt  and  Laurent, 
and  is  now  the  foundation-stone  of  a  great  and  ever-increasing 
edifice. 
13  Thus  far  I  have  dealt  with  the  development  of  the  atomic 
and  molecular  theory  regarded  almost  entirely  from  the 
chemical  point  of  view.  So  great  however  is  the  importance 
of  clearly  perceiving  the  position  which  this  theory  occupies 
Hin  modem  chemistry,  and  of  realising  the  nature  of  the 
^^biysical  evidence  on  which,  in  its  more  recent  development, 
BSie  theory  so  largely  rests,  that  I  must  endeavour  very  briefly 
to  give  a  sketch  of  that  evidence,  remembering  always  that 
it  is  as  chemists,  not  as  physicists,  that  we  are  interested  in 
this  subject. 

There  are  two  general  theories  of  the  structure  of  material 
.substances:  one  assumes  that  apparently  homogeneous  bodies 
are  really  homogeneous  tliroughout ;    a  theory  wliich  is   in- 
of  explaining  the   observed    properties  of  matter; 
fad    the   other  asserts  that  apparently  homogeneous  bodies 
sessed  of  a  grained  structure. 


26  ATOMS  AND   MOLECULES.  [BOOK  I. 

Viewed  from  a  distance,  a  brick  wall,  or  a  body  of  soldiers, 
appears  to  be  one  reddish-coloured  homogeneous  mass,  but  a 
nearer  observer  sees  that  the  wall  is  made  up  of  distinct  parts, 
that  the  company  is  composed  of  individual  men. 

The  molecular  theory  supposes  that  were  our  senses 
sufficiently  acute,  we  should  see  the  grains  or  particles  of 
which  an  apparently  homogeneous  mass  of  matter  is  com- 
posed. 

The  theory  begins  by  assuming  that  any  material  body 
*'  is  made  up  of  parts  (each  of  which  is  capable  of  motion), 
and  that  these  parts  act  on  each  other  in  a  manner  consistent 
with  the  principle  of  the  conservation  of  energy."*  These 
parts  are  called  molecules. 

The  dynamical  conception  of  a  gaseous  molecule  is  "  That 
viiiiitte  portion  of  a  substance  which  moves  about  as  a  whole,  so 
that  its  parts,  if  it  has  any,  do  not  part  company  during  the 
motion  of  agitation  of  the  gas!'^ 

This  conception  is  entirely  independent  of  chemical  facts. 

All  the  molecules  of  one  element  are  of  the  same  mass, 
else  differences  would  be  observed  in  the  properties  of  different 
parts  of  an  elementary  gas,  e.g.  hydrogen ;  such  differences 
arising  from  the  separation  of  the  gas  into  portions  each  more 
or  less  unlike  the  others. 

The  relations  between  the  motions  and  the  space  occupied 
by  these  little  parts,  assuming  their  existence  and  mutual 
independence,  may  be  dynamically  deduced  by  the  aid  of  a 
theorem  of  Clausius,  and,  wath  a  justifiable  assumption  as  to  the 
dynamical  meaning  of  temperature,  the  equation  thus  arrived 
at  expresses  with  considerable  accuracy  the  relations  actually 
existing  between  temperature  and  pressure,  and  volume,  in  the 
case  of  rarefied  gases ;  the  equation,  that  is  to  say,  expresses 
tlie  laws  of  Charles  and  Boyle.  When  the  gas  is  more 
condensed  the  equation  ceases  to  express  the  relations 
existing  between  temperature  and  pressure,  and  volume: 
hence  the  theory  asserts  the  existence  in  such  a  gas  of  mutual 
attractions  or  repulsions  between  the   little  parts,  or   mole- 

*  Clerk  Maxwell,  Article  *Atora*  in  EncycL  Britannica.    (9th  Ed.) 
«  IbU. 
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ciilcs;  it  asserts  that  these  parts  are  no  longer  mutually 
independent. 

"The  h)-poihesis  that  a.  gas  consists  of  molecules  in  motion,  which 
act  on  each  other  only  when  they  come  together  during  an  cncounler, 
but  which  during  the  intervals  between  their  eneountcrs^which  con- 
stitute the  greater  part  of  tlieir  existence — are  describing  free  paths,  and 
.Trc  not  acted  on  by  any  molecular  forces,"' 

having  been  Justified  by  dynamical  reasoning,  the  next  step 
is  made  by  investigating  mathematically  the  properties  of 
such  a  system  of  molecules.  And  one  deduction  thus  made 
is  "  1/ equal  volumes  of  nvo  gases  are  at  equal  temperatures  and 
pressures,  tlu  number  of  molecules  in  each  is  the  same,  and 
therefore  the  masses  of  the  tivo  kinds  of  molecules  are  in  the 
same  ratio  as  the  densities  of  the  gases  to  which  they  beloug."' 

This  statement  is  of  paramount  importance  to  the  chemist, 
inasmuch  as  on  it  is  based  his  system  of  molecular  weights. 
It  is  very  necessary  to  bear  in  mind  that  this  proposition  is 
deduced  hy  dynamical  reasoning  horn  a  simple  hypothesis  as 
to  the  structure  of  matter,  itself  justified  by  many  facts. 

By  analogous  reasoning,  various  deductions  are  made 
from  the  theory,  which  express  generalisations  of  experi- 
mentally determined  facts  concerning  gaseous  phenomena". 

Passing  to  more  complex  occurrences,  the  molecular  theory 
fjives  a  simple  explanation  of  tiie  diffusion  of  matter,  diffusion 
of  motion,  and  diffusion  of  heat  in  gases ;  these  phenomena 
being  r^arded  by  the  theory  as  dependent  on  the  frequency 
of  the  molecular  encounters,  and  on  the  nature  of  the  actions 
between  the  encountering  molecules. 

The  molecular  theory  has  also  been  successfully  applied 

to  explain,  broadly,  many  of  the  phenomena  of  evaporation, 

condensation,  electrolysis,  and  spectroscopy. 

II  To   explain    spectroscopic    phenomena   it   is   apparently 

^■Kcessary  to  assume  molecules  to  be  elastic  substances,  but 

^Kasticity  is  just  the  property  of  matter  to  explain  which  the 

■  >ae 
^B  *  Ui 


'  aetit  >U»wcll,  Article  -Alora'  in  E>uyi-I.  Brit. 

•  libl.     .Sititrtly  F|H:.-il[ing  this  slalement  applies  only  \r>  fer/itt  gam,  i.t.  guer 
^  muleculct  of  nbich  arc  nllhoul  aclioD  on  each  other. 
£  £e(,  tunc  <£  ihp  oviU-  impadtM  of  these  see  Clerk  MwiweU's  Theory  ^ 
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molecular  hypothesis  was  first  assumed.  The  theory  of 
'  vortex  atoms/  developed  by  Sir  William  Thomson  from  the 
original  conception  of  Helmholtz,  explains  spectroscopic 
facts — and  generally  those  facts  which  must  be  explained  by 
a  successful  molecular  theory — better  than  any  other  which 
has  yet  been  suggested.  A  short  account  of  this  theory  will 
be  found  in  the  article  'Atom'  in  the  last  edition  of  the 
Encyclopcedia  Britannica,  where  we  read 

*'  The  success  of  this  theory  in  explaining  phenomena  does  not  depend 
on  the  ingenuity  with  which  its  contrivers  *  save  appearances  *  by  intro- 
ducing first  one  hypothetical  force  and  then  another.  When  the  vortex 
atom  is  once  set  in  motion  all  its  properties  are  absolutely  fixed,  and 
determined  by  the  laws  of  motion  of  the  primitive  fluid  which  are  fully 
expressed  in  the  fundamental  equation." ^ 

Attempts  have  been  made  to  determine  the  absolute  size 
of  molecules*,  and  although  the  results  must  be  regarded  as 
but  rough  estimates,  nevertheless  they  shew  that  to  measure 
molecules  is  a  legitimate  object  of  scientific  investigation. 
The  smallest  portion  of  matter  visible  by  the  help  of  a  good 
microscope  may  be  taken  to  be  a  cube  each  side  of  which 
measures  ^^th  of  a  millimetre  in  length ;  such  a  cube  will 
contain,  according  to  the  rough  measurements  hitherto 
made,  from  60  to  100  millions  of  molecules'. 

The  foundations  of  a  truly  mathematical  theory  of  the 
structure  of  matter  have  been  laid  by  Helmholtz  and  Thom- 
son in  their  theory  of  vortex  atoms ;  but,  apart  from  this,  the 
fact  that  the  proposition  commonly  known  as  Avogadro*s 
law  may  be  deduced  by  dynamical  reasoning  from  a  simple 
hypothesis  which  admits,  although  as  yet  only  to  a  limited 
extent,  of  the  application  of  mathematical  methods,  and 
which  is  justified  by  a  large  number  of  physical  facts,  suffices 
to  make  that  law  of  extreme  importance. 

Attempts  have  recently  been  made  to  apply  to  certain 
chemical  phenomena  a  more  strictly  dynamical   method   of 

*  For  a  few  more  details  regarding  the  application  of  this  theory  to  chemical 
occurrences  see  Book  II.  Chap.  ill. 

'  See  especially  Sir  W.  Thomson,  Nature  1.  p.  551,  and  also  28.  pp.  103, 

«50,  274- 

'  Clerk  "Maxwell,  Ice.  n't. 
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reasoning  than  is  employed  in  the  molecular  theory,  the 
methods  of  which  are  essentially  statistical ;  these  will  be 
referred  to  under  the  second  main  division  of  this  book. 

An  atomic  theory  has  been  elaborated  by  the  chemist;  a 
molecular  theory  of  matter  has  been  propounded  by  the 
physicist,  and  has  been  advanced  so  far  as  to  allow  of  wide 
conclusions  being  deduced  therefrom  by  dynamical  reasoning ; 
no  theory  asserting  the  continuity  of  matter  has  been  found 
capable  of  explaining  the  observed  phenomena  of  matter; 
hence  to  accept  the  molecular  theory,  as,  at  present,  the  only 
feasible  working  hypothesis,  is  simply  to  obey  the  dictates  of 
the  scientific  method. 
.4  Let  us  then  turn  to  the  applications  of  this  theory  to  che- 
mical facts.  It  is  well  to  repeat  the  terms  in  which  Clerk 
Maxwell  has  expressed  the  physical  conception  of  the  mole- 
cule:— "A  gaseous  mokcuU  is  that  minute  portion  of  a  sub- 
stance which  moves  about  as  a  w/ioU,  so  that  its  parts,  if  it  has 
anj\  do  not  part  company  during  the  motion  of  agitation  of  the 
gas."  One  of  the  deductions  from  this  conception  is  that 
equal  volumes,  of  so-cailcd  perfect  gases,  measured  at  the  same 
temperature  and  pressure,  eontaiu  equal  numbers  of  mokcules. 

This  statement  must  now  be  applied  to  chemical  interac- 
tions between  gases. 

Consider,  for  instance,  the  combination  of  hydrogen  with 
^M>hlorinc  and  that  of  nitrogen  with  hydrogen. 


Hydrogen  combines  with  chlorine  to  form  hydrochloric  acid, 
1  vols.        combine  with    3  vols.        „         4  vols.        „ 


But  since  equal  volumes  of  gases  contain  equal  numbers 
of  nnoleculcs,  and  since  each  molecule  of  hydrochloric  acid  is 
composed  of  both  hydrogen  and  chlorine,  it  is  evident  that 
each  molecule  of  hydrogen  by  combination  with  one  molecule 
of  chlorine  produces  not  one  but  two  molecules  of  hydrochloric 
acid. 

So  again, 


Here  a 


D  form  ammonia. 
,.         4  vols. 


Here  again  each  nitrogen  molecule  has  given  rise  to  two 
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molecules  of  ammonia.     Hence  it  is  evident  that  although  the 
parts  of  a  molecule  of  hydrogen,  nitrogen,  or  chlorine  "do  not 
part  company  during  the  motion  of  agitation  of  the  gas  "to 
which  the  molecule  belongs,  these  parts  nevertheless  do  part 
company  in  those  chemical  reactions  which  are  stated  above 
When    various    reactions    between    gaseous   substances  are 
studied   this   conclusion  is   found  to  hold  good  throughout 
a  large  range  of  chemical  phenomena.     Hence  the  chemist 
is  obliged  to  recognise   a   portion   of  matter   smaller  than 
the  molecule;    this  smaller  portion  of  matter,  this  part  of 
a  molecule,  is  the  atom  \ 

In  the  above  and  in  other  reactions  it  is  shewn  that  the 
molecules  of  hydrogen,  nitrogen,  and  chlorine  split  into  at  least 
two  parts  when  these  molecules  act  chemically  on  each  other 
or  on  other  molecules ;  hence,  if  the  symbols  H,  CI,  and  N,  are 
used  to  denote  an  atom  of  hydrogen,  chlorine,  and  nitrogen, 
respectively,  the  molecules  of  these  three  elements  may  be 
represented  by  the  symbols  H,,  CI,,  and  N,.  These  symbols 
represent  the  masses  of  equal  volumes  of  the  three  elements ;  if 
one  of  these  masses  be  taken  as  the  unit,  the  others  are 
evidently  the  masses  of  the  molecules  of  the  gases  in  question 
referred  to  this  unit;  because  equal  volumes  contain  equal 
numbers  of  molecules,  and  therefore  *  the  masses  of  the  two 
kinds  of  molecules  are  in  the  same  ratio  as  the  densities  of  the 
gases  to  which  they  belong.* 

Hydrogen  is  the  universally  adopted  standard  of  reference 
for  molecular  and  atomic  weights:  the  atomic  weight  of 
hydrogen  is  taken  as  unity,  and  therefore,  according  to  the 
reasoning  sketched  above,  the  molecular  weight  of  this  element 
is  not  less  than  two. 

But  it  might  be  urged  that  when  molecules  of  hydrogen 
and  chlorine  interact,  each  molecule  separates  into  more  than 
two  parts,  into  3,  4,  5,  &c.  parts.  Granting  *  Avogadro's  law,' 
the  data  given  on  p.  29  shew  that  the  number  of  molecules,  of 

Mt  is  well  to  note  that  the  molecular  theory  of  matter  as  applied  to  chemical 
j)hcnomena  <1(K's  not  assert  or  deny  the  finite  divisibility  of  matter.  In  C  S, 
Journal  [3],  18.  501 «  there  is  a  most  interesting  paper  by  Clerk  Maxwell  on  'The 
dynamical  evidence  of  the  molecular  constitution  of  bodies.' 
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I  liydrochloric  acid  produced  is  twice  the  number  of  niolecuks 
of  hydrogen  or  clilorine  which  have  interacted  to  produce 
them;  therefore,  if  each  molecule  of  hydrogen  and  each  of 
chlorine  has  separated  into,  say,  four  parts,  each  molecule  of 
hydrochloric  acid  must  be  composed  of  two  of  those  parts  of 
hydrogen  and  two  of  chlorine.  But  if  this  is  so,  it  ought  to 
be  possible  to  remove  the  hydrogen,  or  the  chlorine,  from  a 
molecule  of  hydrochloric  acid  in  two  separate  portions ;  in 
other  words,  interactions  ought  to  occur  between  hydrochloric 
acid  and  other  bodies,  not  themselves  compounds  of  hydrogen 
or  chlorine,  resulting  in  the  evolution  of  hydrogen,  or  chlorine, 
and  the  production  of  a  new  compound,  or  new  compounds,  of 
chlorine,  hydrogen,  and  the  interacting  body  or  constituents 
of  this  body.  But  no  such  interactions  occur ;  therefore  hydro- 
gen, or  chlorine,  cannot  be  removed  in  parts  from  a  molecule 
of  hydrochloric  acid  ;  if  the  molecule  is  decomposed  and 
hydrogen,  or  chlorine,  is  removed,  the  whole  of  the  hydrogen, 
or  chlorine,  is  removed.     Therefore  it  is  extremely  improbable 

^lat  a  molecule  of  hydrochloric  acid  is  built  up  of  more  than 
me  small  chemically  indivisible  part,  or  atom,  of  each  of  the 
elements  which  compose  it;  and  therefore  it  is  extremely  im- 
probable that  when  molecules  of  hydrogen  and  chlorine 
interact  to  produce  molecules  of  hydrochloric  acid,  each  mole- 
cule of  hydrogen,  or  chlorine,  separates  into  more  than  two 
parts  or  atoms.  Therefore,  as  we  have  agreed  to  regard  the 
weight  of  an  atom  of  hydrogen  as  unity,  we  say  that  the 

I  molecular  weight  of  hydrogen  is  two. 
I  The  modern  molecular  theory  of  matter  is  not  identical 
irith  the  atomic  theory  of  Dalton  ;  it  is  based  on  evidence  of 
I  different  kind ;  it  is  essentially  a  physical  and  dynamical 
nicory.  although  strengthened  by  chemical  arguments.  The 
atomic  theory  of  modern  chemistry-  may  be  regarded  as  grow- 
ing out  of  the  application  of  reasoning  founded  on  chemical 
facts  to  the  molecular  theory  of  matter. 

Assuming  'Avogadro's  law,'  and    remembering  that  the 
molecule  of  hydrogen,  which  is  the  standard  body  in  terms  of 
irhich  all  other  molecular  weights  are  stated,  divides  into  at 
tast  two,  and  probably  into  only  two,  parts  in  many  chemical 
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changes,  we  arrive  at  the  practical  definition  of  molecular 
weight. 

The  molecular  weight  of  a  gas  is  the  weight  of  that  volume 
thereof  which  is  equal  to  tfte  volume  occupied  at  the  same  tem- 
perature aud pressure  by  two  parts  by  weight  of  hydrogen^. 

In  determining  the  specific  gravity  of  a  gas  it  is  easier, 
and  less  liable  to  error,  to  find  the  weight  of  the  vessel  filled 
with  air  than  with  hydrogen ;  the  result  is  therefore  stated  as 
specific  gravity  referred  to  air  as  unity.  Now  the  specific 
gravity  of  hydrogen  is  06926  [air=  i];  the  molecular  weight 
required  is  equal  to  twice  the  specific  gravity  of  the  gas 
referred  to  hydrogen ;   hence  if  M=  molecular  weight,  and 

2  d 
d=  specific  gravity  referred  to  air  as  unity,J/=  V^  ^=28*87  d. 

Hence  the  practical  rule  for  determining  the  molecular  weight 
of  a  gas  : — 

Find  tlie  specific  gravity,  i.e.  the  ratio  between  the  weights 
of  equal  volumes  of  the  gas  and  air  under  the  same  conditions 
of  temperature  and  pressure,  and  multiply  this  by  28*87. 
15        The  following  table  presents  the  results  hitherto  obtained 
regarding  the  molecular  weights  of  elementary  gases. 

*  The  volume  occupied  by  two  parts  by  weight  of  hydrogen,  or  twice  the 
volume  occupied  by  unit  mass  of  hydrogen,  is  often  called  two  volumes. 
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Mensching  and  Meyer  {Anfuileft^  240.  317)  have  obtained  values  for 
the  specific  gravity  of  antimony  gas  which  shew  that  at  1400** — isoo' 
the  molecular  weight  of  this  element  is  less  than  864. 

16  So  many  determinations  of  molecular  weights  of  com- 
pound gases  have  been  made  that  an  enumeration  of  all  the 
results  would  be  perplexing,  and  of  no  special  value.  The 
method  is  applicable  to  elements  and  compounds  alike.  The 
following  numbers  are  given  here  as  they  illustrate  a  point  of 
general  importance. 

Specific  /gravities  of  certain  compound  gases. 

1^1-      1-  .1      J        fSp.gr.       c*o8    4-99      4*3      3-69    3-66 

Phosphorus  pcntachlonde...^^*^  *^  „o  ^    j    ^ 

^  *  (Temp.       180**      190     230       290     335 

^      tciroxiac  JTemp.         29^       45        66         83      1 5 1 

Nitric  oxide &'^'       ''^^^         '*°39 

[Temp.       -70  16 

Arsenious  oxide    w  o 

iTemp.     570  1400 

From  these  numbers,  and  from  those  of  the  previous  table, 
it  is  apparent  that  the  specific  gravities  of  certain  elementar}' 
and  compound  gases  decrease  as  the  temperature  increases, 

"  So  RET,  Compt.  rend.  61.  941  ;  an(l  M.  904.  '  Scott,  Proc.  A\  S.  E.  1888. 

HMd9  Deville  and  Troost,  Compi.  rend.  56.  891.  "  V.  Meyer,  Ber.  Vk. 

1 1 12.  **  Troost,  Compt.  rend.  96.  30.  "  Dumas,  Ann.  Chim. 

Phys.  (2)  60.  170.  "  Mensching  and  Meyer,  Ber.  19.  3295.  '*  Lud- 

wk;,  Ber.  1.  lyi.  "  V.  Meyer.  Ber.  18.  400.  "  Id,  do.  16.  2773 

(menu  of  5  experiments).  ^^  Deville  and  Troost,  Compi.  rend.  49.  139. 

isani  1'..  J  J  ^/^,  55  ^^^^  ao  Mknsciiing  and  Meyer,  Annalen^  MO.  317. 

-^  n.  and  T.  he.  cit.  "  MiTSCHERLicii,  rinnalat^lA.  159.  **  Men- 

sching and  Mkvkr,  Anna/en^  240.   317.  **  MlTSCHERLICH,  loe.  eit. 

-'•'  V.  Mkykr,  Ber.  13.  406.         ««  Crafts,  Compt.  rend.  90.  183.         27.5««*»  Dr. 
viM.K  and  Troost,  he.  cit.  ^  V.  Meyer,  Ber.  13.  1107  and  mo  (mean 

of  6  experiments).  ^'  Dl-MAS,  Ann.  Chim.  Phys.  (2)  33.  337.  '=  MlT- 

s(  II KR I.I CH,  ioc.  cit.  ^*  BiNEAtT,  Compt.  rend.  ^9.  799.  **  V.  Meyer, 

and  Mkikr  and  Crafts,  Ber.  13.  868  (mean  of  7  experiments).  **  Dl'MAS, 

hr.  cit.  :Mjwd37  ijEViLLE  and  Troost,  ioe.  eit.  ^  V.  Meyer,  Ber. 

13.  396.  »  Troost,  Compt.  rend.  96.  30.  *^  V.  Meyer,  Ber.  13.  11 15. 

*^  Id.  do.  13.  I  QIC.  "•*  Deville  and  Troost,  loe.  eit. 

tVote  to  preceding  table.  The  expression  *  specific  gravity  of  a  gu  *  will  be 
employe<I  to  denote  the  specific  gravity  referred  to  air  as  unity :  the  expressiaa 
'  vapour  density  of  a  body '  to  denote  the  specific  gravity  of  a  body  in  the 
stcite  referred  tu  hydrogen  as  unity. 
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pile  in  the  case  of  other  gases  the  density  is  practically 
dependent  of  the  temperature ;  a  limiting  value  is  however 
fcnerally  found  for  the  specific  gravity  of  a  gas. 

It  would  therefore  appear  that  a  chemical  substance  may 

have  more  than  one  molecular  weight;  but  if  the  molecule  is  the 

smallest  part  of  a  substance  which  exhibits  the  characteristic 

properties  of  that  substance,  this  is  equivalent  to  saying  that 

certain  substances  when  heated  may  pass  through  a  succession 

-of  changes,  each  phase  being  marked  by  the  existence  of  a 

distinct  kind  of  matter.    More  accurate  experiment  has  shewn 

lat  the  vapours  of  phosphorus  pentachloride  and  nitrogen 

troxide,  at  high  temperatures,  are  mixtures  of  phosphorus 

tentachloridc  and  trichloride,  and  chlorine,  and  of  nitrogen 

rtroxidc  and  nitrogen  dioxide  (N^O,  and  NO,),  respectively, 

I  that  at  these   temperatures   we   have   to   deal    not   with 

mogencous  vapours,  but  with  mixtures  of  different  gases 

■ying   in    composition   at   different   moments.      The    con- 

■txion  existing  between  temperature  and   the   densities   of 

iscous  elements  and  compounds  will  be  examined  in  more 

Mail  in  a  future  chapter'  (see  Hook  jl.). 

The  practical  outcome  of  these  considerations  is  that  in 

determining  a  molecular  weight  the  gas  must  be  proved  to 

be  really  a  homogeneous  substance,  and  not  a  mixture  pro- 

Iuced  by  tlie  decomposing  action  of  heat  on  the  original  .sub- 
iance;  and,  further,  that  the  value  obtained  for  the  specific 
ravity  must  be  constant  throughout  a  considerable  range  of 
temperature. 
7  In  determining  the  specific  gravity  of  a  gas,  especially 
if  at  a  somewhat  high  temperature,  many  sources  of  error 
arc  present;  the  result  cannot  therefore  be  more  than  mode- 
rately accurate'.  But  experimental  errors  are  more  easily 
'  Avogadro's  Uw  roay  lie  deduced  from  Ihc  molecular  iheoiy  of  mailer,  but 
tf  ihis  iheor]'  ii  Imsed  upoD  more  or  less  inexiicl  hypothesc!),  and  is  as 
I  in  an  cnriy  sli^i:  of  development,  inasmuch  also  as  the  deductions  made 
il  coDCctniiiB  gRMKms  laws  are  slrictt]*  applksble  only  to  '  perfect  gases.'  it 
louM  thai  Avoeidro's  law  cannot  be  regarded,  at  present,  as  absolutely  true. 
t  law*  uf  Boylc  and  of  Chnrlei.  whidi  ore  also  dwiucible  (torn  the  moleeulai 
r,  du  ngl  ipvc  a  eotaplete  account  of  ilic  relations  of  gaws  lo  temperature  and 

Oumai'  method  for  ilelerinining  vapmir  densities  is  dcscril>cd  in  Ann,  Chim. 
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avoided  in  the  determination  of  the  mass  of  an  element  which 
combines  with  one  part  by  weight  of  hydrogen,  7*98  parts  by 
weight  of  oxygen,  or  35*37  parts  by  weight  of  chlorine.  Now, 
if  this  mass  is  called  the  coinbinwg  weight  of  an  element, 
it  is  evident  that  the  molecular  weight  of  an  element  must 
be  equal  to,  or  a  multiple  of,  its  combining  weight,  and  the 
molecular  weight  of  a  compound  must  be  equal  to  the  sum, 
or  to  a  multiple  of  the  sum,  of  the  combining  weights  of  its 
constituent  elements.  Hence  if  the  combining  weight,  and 
the  specific  gravity  in  the  gaseous  state,  of  an  element  arc 
carefully  determined,  we  have  the  necessary  data  for  an 
^rrz/r^/^*  determination  of  the  molecular  weight  of  that  element; 
the  combining  weight  being  an  accurately  determined  num- 
ber, and  the  specific  gravity  deciding  what  multiple  of  that 
number  represents  the  molecular  weight.  So  also  the  data 
required  for  an  accurate  determination  of  the  molecular 
weight  of  a  compound  are ;  the  combining  weights  of  the 
constituent  elements,  and  the  specific  gravity  of  the  com- 
pound in  the  state   of  gas.      Thus  Regnault  found  for  the 

Phys.  [2]  33.  337;  Gay  Lussac's  in  Biot*s  Traits  de  Phys.  1.  191;  Ilofmann's  in 
Per,  1.  198;  and  Victor  Meyer's  in  Per,  11.  1868  and  2253.  For  criticisms  on, 
and  modifications  of,  Meyer's  method  sec  Per.  12.  609  and  11 12 :  13.  401,  851,  991, 
1079,  •  i^5»  ^"^^  ^o'9  '•  !*•  1727:  •'in^l  15.  137,  1 161  and  2775:  (in  the  last  paper  by 
V.  Meyer  \Pcr.  15.  2775]  will  be  found  an  interesting  and  valuable  criticism  of  the 
various  methods  for  finding  the  Sp.  Grs.  of  gases).  See  also  Per.  16.  105 1;  19. 
1861 ;  also  C.  S.  Journal  Trans,  for  1880.  491.  Modifications  of  Dumas*  method 
are  (lescril)ed  by  Bunsen,  see  Gasoiuetrische  Methoden^  2nd  ed.  (1877),  p.  172:  also 
by  Tctterson  and  Ekstrand,  Pii:  13.  1191  :  and  especially  by  Pawlewski,  Per,l<6. 
1293.  Thorpe  [C.  5".  Journal  Trans,  for  1880.  147 — 150]  has  descrilxxi  a  ver)- 
cijmplcte  method  based  on  Hofmann's  process.  V.  Meyer  \Per,  9.  1260:  and  10. 
206s]  has  descril)C(l  a  method  basc<l  on  the  displacement  of  mercury.  In  IViM. 
Ann.  22.  465  and  493,  von  Klcibukow  describes  two  processes  for  determining 
vapour  clcn^itie'^  with  great  accuracy;  one  is  adai^ted  for  bodies  with  low  Ix^iling 
[Kiints,  the  other  fi^r  bodies  which  boil  at  high  temperatures.  La  Cosle  (Per.  18. 
2122)  <lcscribes  a  modification  of  V.  Meyer's  apparatus  whereby  the  vapour 
densities  of  easily  decomposable  compounds  may  be  determined  at  low  tempera- 
tures and  under  very  small  pressures.  A  modification  of  V.  Meyer's  apparatus, 
by  which  a  vaj>our  density  and  the  exact  temperature  of  observation  can  l)e  simul- 
taneously detennined,  is  descril)ed  by  Nilson  and  Pettersson  in  J,  fiir  prakL 
Chem.  [2]  33.  i.  See  also  Schall,  Per.  20.  1433.  Malfatti  and  Schoop  {Zeitsckr* 
f.  physikal.  Chemie,  1.  1 59)  describe  an  ajiparatus  for  determining  vapour  densities 
under  small  pressures. 
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specific  gravity  of  chlorine  the  number  244;  this  multiplied 

into  28S7  gives  70-44.     The  combining  weight  of  chlorine  as 

most  carefully  determined  by  Stas  is  3537:  now  3537x2 

=  70'74,  which  is  very  nearly  equal  to  the  molecular  weight 

calculated  from  Regnault's  numbers;  hence  7074  is  taken  to 

be  the  molecular  weight  of  chlorine.     Again,  Thomson  found 

the  specific  gravity  of  marsh  gas  to  be  0557,  which  multiplied 

into  28*87  gives  l6'i  as  approximately  the  molecular  weight 

wpf  this  compound  :  the  combining  weight  of  carbon  is  2*99 

^R{=  i),  and  in  marsh  gas  carbon  and  hydrogen  are  united  in 

Hpie  proportion  of  2*99  to   i  ;   hence  the  molecular  weight  of 

^ihis  gas  is  399  or  a  multiple  thereof     But  399  x  4=  1596; 

therefore  the  molecular  weight  of  marsh  gas  is  taken  to  be 

15-96. 

IThe  numbers  in  column  v  of  the  table  on  p.  33  represent 
molecular  weights  of  the  various  elements  found  by  the 
thod  of  specific  gravity  aided  by  determinations  of  the 
combining  weights  of  the  elements  in  question. 
18  Facts  have  already  been  mentioned  which  on  the  as- 
sumption of  the  trutli  of  Avogadro's  law  oblige  us  to 
conclude  that  in  certain  chemical  reactions  the  molecules  of 
the  reacting  elementary  bodies  undergo  subdivision ;  indeed 
we  are  forced  to  the  conclusion  that  the  greater  number  of 
the  molecules  of  those  elements  which  have  been  gasified 
are  not  homogeneous  but  are  built  up  of  smaller  parts'. 
These  parts  of  molecules,  or  atoms,  are  the  ultimate  portions 
of  matter  with  which  we  have  at  present  to  deal  in  chemistry. 
Now  it  is  evident  that  the  molecule  of  an  element  must  be 
composed  of  at  least  two  atoms,  unless  indeed  the  atom  and 
molecule  should  be  identical ;  and  that  the  molecule  of  a 
compound  must  be  composed  of  at  least  one  atom  of  each 
of  its  constituent  elements.  Therefore  if  we  determine  the 
smallest  mass  of  an  element  in  the  molecule  of  any  compound 

I  thereof,  we  shall  have  determined  the  maximum  atomic  weight 
a^the  clement  in  question. 
m    Kencc  we  arrive  at  the  following  definition. 
V  '   Rcncttimn  nre  kniiwii  in  whli^li  it  is  not  necessary  lu  issunic  Ihil  ^ulxhvliium 
■  demtsituy  molecules  i>ccurs,  e.g. 
f  lli.ta,.HEa,. 
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The  maximum  atomic  weight  of  an  element  is  tlu 
smallest  mass,  in  terms  of  hydrogen  as  unity,  of  t/iat  element 
which  combiftes  with  ot/ier  elements  to  form  a  gaseous  molecule. 

Molecular  weight  has  been  already  defined  as  the  weight  of 
two  volumes  of  any  gas  referred  to  the  weight  of  two  volumes 
of  hydrogen ;  hence  the  data  which  must  be  obtained  before 
the  maximum  atomic  weight  of  an  element  can  be  determined 
are,  (i)  the  specific  gravities  of  several  gaseous  compounds  of 
the  element  in  question,  and  (2)  careful  analyses  of  these 
compounds. 

Suppose  it  is  required  to  determine  the  maximum  atomic 
weight  of  oxygen,  such  data  as  are  indicated  in  the  following 
table  are  obtained. 

Data  for  determining  maximum  atomic  weight  of  oxygen. 


Name  of  compound 

Weight  of 

2  volumes,  as 

ras,  rcfcrrrd  to 

hydrogen,  i.e. 

molecular  weight 

Analysts  of  these  2  vdumes 

Water 

Carbonous  oxide 
Carbonic  dioxide 
Nitrous  oxide 

Methylic  alcohol 

Methyl  nitrate 

Nitric  oxide 
Sulphurous  oxide 
Sulphuric  oxide 
Phosphorus,  oxychloridc 

Osmium  tetroxide 

17*99 
2796 

44-15 

439 
323 

76*2 

300 
649 
869 

1559 
257 

1 5  96  oxygen  +     2     hydrogen 
<5*96       n       +11*97  carbon 
31*92       „       4-   11*97       „ 
'5*96       n       +  28x>2  nitrogen 
J  15*96       „       +    11*97     carbon 

+     4      hydrogen 
47*88       „       +11*97  carbon 
+  3  hydrogen  +   14*01  nitrogen 
15-96  oxygen  +   14*01         „ 
31*92       „       +  31*98  sulphur 
47-88       „       +  31*98        n 
15-96       1,       +  30*96  phosphorus 

+  io6*ii  chlorine 
63*84       „       +198*6    osmium 

If  the  smallest  mass  of  hydrogen  found  in  a  molecule  of  any 

compound  of  that  clement  is  called  one  part  by  weight,  then 

in  no  molecule  of  any  of  the  compounds  in  this  table  is  there 

less  than   15*96  parts  by  weight  of  oxygen;  this  number  is 

therefore  adopted  as  the  maximum  atomic  weight  of  oxygen. 

19        The  following  table  (taken  for  the  most  part  from  Lothar 

Meyer's   Die   modernen    TJieorien  dcr  Cftemic)  contains   the 

most  important  data  hitherto  accumulated  for  determining  the 

maximum  atomic  weights  oC  the  e\emetv\.s  by  \5afc  %5^5^Ucation 

ofAvogadro's  /aw. 
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PI 

m 

f                 1  '  ' 

l.  =  ,  =  J-=rlirii|j 

-J ^^?^2;^e.«^^-=;s  l§ 

+  +  +  +  +  +  +  +  +  +  +  +  +  +  +    s'|-5 

iiiiii-iJ=.tiii 

Mt 

pp  H  p  g^.-sc-?-™  3,p.p>p«i  «  -a J  ^ 

1 

'Hydrofluoric  acid 
Hydrochloric  acid 
i                 Hydrobromic  acid 
'                 Hydriodic  acid 

Water 
'                 Sulphydrie  acid 

Sulphuric  oxide 

Sulphury  1  chloride 
'Selcnion  hydride 

Selenious  oxide 
'Tellurium  hydride 
"Tellurium  tetrachloride 

Tellurium  dichloride 

Ammonia 
*  It  has  not   been  consider 

data  of  the  science.     Notes  are 
appenr  to  be  called  for. 
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Notes  to  the  preceding  Table, 

^  The  density  of  hydrofluoric  acid  was  detennined  indirectly  by  Gore  [Pkd. 
Trans,  for  1869.  173)  at  100°.  Mallet  {Amtr.  Chem.  Journal  3.  189)  by  directly 
weighing  i  litre  of  the  gas  at  30°  found  the  specific  gravity  to  be  i'4i,  which 
gives  a  molecular  weight  of  41*02.  The  molecular  weight  of  this  gas  therefore 
decreases  as  temperature  increases. 

2  and  3  Indirectly  determined  by  Bineau  (Ann,  Chim.  Phys,  [1]  68.  434);  two 
volumes  of  each  hydride  when  decomposed  by  metal  yielded  2  vols,  of  hydrogen, 
78  parts  by  weight  of  selenion  in  one  case,  and  128  parts  by  weight  of  tellarimn 
in  the  other  case,  being  produced. 

^  Michaelis,  Ber.  20.  1780,  and  2488.     Temp.  abt.  450°. 

^  P(jtassium  iodide  was  vaporised  at  about  1300°  by  means  of  a  new  apparatus 
described  by  Mensching  and  Meyer  (j.  Zeitschr,  f,  physikal,  Chemie^  1.  157). 

»  Determined  at  1200°— 1500"*  by  Scott ;  Froc,  R,  S.  E,  1887. 

**  At  a  temperature  slightly  above  its  boiling  point  the  specific  gravity  of 
gaseous  stannous  chloride  points  to  the  molecular  weight  377;  but  at  200~  higher 
the  specific  gravity  is  as  given  in  the  table ;  this  gas  therefore,  like  hydrofluoric 
acid,  has  two  molecular  weights:  see  Meyer  and  Ziiblin  {Ber,  13.  811). 

'  GCCI4,  Gel4,  and  GeS  have  been  gasified  by  Nilson  and  Pettersson  (Zeii.f, 
physikal.  Chemie^  1.  27). 

^  Kriiss  and  Nilson,  Ber.  20.  1671.     Temp.  abt.  1200°. 

^  See  Nilson  and  Pettersson,  Ber,  17.  987;  also  y,fur prakt,  Chcm,  [2]  SS.  i; 
and  Humpidge,  Proc.  K.  S.  38.  188. 

^'^  There  is  some  doubt  whether  the  vapour  of  mercurous  chloride  docs  or  docs 
not  contain  mercury  and  mercuric  chloride:  the  number  in  the  table  is  from  a 
paper  by  I'ilcti,  who  states  that  by  vaporising  a  mixture  of  the  two  chlorides  of 
niercur}',  the  protochloride  remains  undissociated  (see  abstract  of  Fileti*s  paper  in 
C.  S.  Jourfial  Abstracts  for  1882.  466). 

"  Nilson  and  Pettersson  (Zeitschr,  f.  physikal,  Chemie,  !•  459)  have  found  thai 
the  sp.  gr.  of  gaseous  aluminium  chloride  at  800° — 1200*'  agrees  with  the  formula 
AICI3;  at  400'^  or  so  it  agrees  with  the  formula  AlaCl^.     Odling  (Phil,  Mag.  [4] 
29.  316)  gave  the  specific  gravity  of  aluminium  trimethide  at  temperatures  above 
200'  as  25,  and  at  130"'  as  5*0;  but  it  is  undecided  whether  the  gas  at  100°  was 
homogeneous  or  a  mixture  of  the  products  of  decomposition  by  heat  of  molecules 
existing  at  lower  temperatures  (see  Wanklyn  loc,  cit.  313,  and  Williamson  da,  395). 
If  tlie  gas  at  200^^  was  really  homogeneous,  we  should  have  2*5  x  28*87  =  72*5  as 
the  molecular  weight  of  aluminium  trimethide ;  and  this  quantity  of  the  gas  con- 
tains 27*02  aluminium +  35*91  carbon +  9  hydrogen  (=71*93).     Chromium  hexa- 
fluoride  (CrF<j)  is  frequently  mentioned  in  text-books  as  a  gaseous  compound  of 
chruniium  ;    the  evidence   in  favour  of  the   existence  of  a  definite  fluoride  of 
chromium  is  meagre;  and  no  determinations  of  its  density  (if  it  exists)  have  been 
made:  sec  Unvcrdorl>en  (Pogi^.  Ann.  7.  311).    According  to  Oliveri  (Gaz,  16,  218) 
the  supposed  hexafluoride  is  really  an  oxyfluoride,  of  chromium,  and  has  the  com- 
position  CrOoKo. 

'■-  V.  Meyer  (Ber.  17.  1335)  has  obtained  results  which  seem  to  shew  thai 
gaseous  ferrous  chloride  at  moderate  temperatures  consists  chiefly  of  molecules  having 
the  composition  Fe2Cl4,  and  at  higher  temperatures  chiefly  of  molecules  of  FeCl|. 

"  At  450°  the  sp.  gr.  of  the  vapour  of  gallic  chloride  is  7*8^  and  at  the  vmm 
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icmpcTnturc  in  pretence  of  an  indiffereni  Ras  ncling  as  diluent,  il  is  6-6 :  (he  g.Ts 
ilLitodiiles  nnder  these  condition!.  (See  I*coq  i!e  Boisbamltnn,  Compl.  rmil.  M. 
194,  315  and  815,) 

The  maximum  atomic  weights  deduced  from  these  data 
may  in  many  cases  be  regarded  with  a  large  degree  of  proba- 
bility as  the  true  atomic  weights  of  the  elements.  The 
greater  the  number  of  gaseou.<i  compounds  of  an  element 
analysed,  the  greater  is  the  probability  that  the  number  which 
represents  the  smallest  mass  of  that  element  in  two  volumes, 
i.e.  in  a  gaseous  molecule,  of  any  of  these  compounds  is  the 
true  atomic  weight  of  the  element. 
SO  When  the  atomic  and  molecular  weight.s  of  an  element 
are  known,  the  atomicity  of  the  molecule,  i.e.  the  number  of 
atoms  in  the  molecule,  is  known. 

In  the  following  table  the  molecules  of  the  elements,  so 
far  as  the  relative  weights  of  these  have  been  determined  by 
the  method  founded  on  Avogadro's  law,  are  classified  in 
accordance  with  their  atomicity. 

Alomiiity  of  Elementary  Mnlfcutes^. 


Sodium 

Diatomic             Triatomic 

Telralomic 

Hexatomic 

Hydrogen          Oxygen  (ozoDc 

Phosphorus 

Sulphur 

I'oiassium 

Chlorine             Sekman 

Arsenic 

(450-  to 

Zinc 

Bromine           ,    (700'  to  800') 

about  sso'. 

Cadmium 

Iodine              1 

whheheat) 

Mercury 

(200° to  about  j 

Iodine 

1000°) 

liuabouliioo") 

Oxygen 

1  ?  Itromine  at 

Sulphur 

.about  1800°) 

(at  800°  and 
upwards) 
Sclenion           1 

(at  ia»°  and 

upwards) 
Tellurium         ! 

Nitrogen 

Phos-     1   (al 

phonis^whitt^ 

.'Arsenic)  heal) 

I 


'  This  lahle  shews  that  many  dcmcnlnry  gases  have  coroplci  slniclnres; 
li-'nce  arise  difficulties  in  foitning  accorale  physical  conceptions  of  actions  and 
leaclions  among  the  parti  o\  these  stnictutes.  This  will  be  again  icTcrred  to  wlien 
ileoUi^  with  ntomic  heats  (see  p.  G;|. 
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The  molecules  of  several  elements  in  this  table  arc 
diatomic,  but  inasmuch  as  the  molecular  and  atomic  weights 
of  only  1 6  elements  have  been  determined  it  is  impossible 
to  say  whether  a  majority  of  all  the  elementary''  molecules 
are  composed  each  of  two  atoms.  Six,  of  the  sixteen, 
elements  in  the  table  have  more  than  one  molecular  weight; 
of  the  remaininjj  ten,  five  are  monatomic  and  five  are 
diatomic. 

The  tcible  contains  five  well-defined  metals,  sodium,  potas- 
sium, zinc,  cadmium,  and  mercury ;  the  molecules  of  these 
elements  are  monatomic,  and  hence  are  of  a  simpler  structure 
than  the  molecules  of  the  distinctly  nonmetallic  elements. 
21  Chemical  formulae  for  the  most  part  profess  to  repre- 
sent not  only  the  elementary  composition,  but  also  the  rela- 
tive weights  of  the  molecules,  of  the  bodies  formulated :  but 
unless  some  method  for  determining  molecular  weights  othei 
than  that  founded  on  Avogadro*s  law  is  adopted,  it  is  evidenl 
from  the  data  in  the  table  on  pp.  39 — 43  that  the  majority  a 
the  formulae  employed  in  mineral  chemistry  cannot  certainl) 
be  regarded  as  molecular  formulae.  Thus  analysis  shews  tha 
17*96  parts  by  weight  of  water  are  composed  of  15 "96  part 
of  oxygen  and  2  parts  of  hydrogen  ;  analysis  also  shews  tha 
5837  parts  by  weight  of  sodium  chloride  are  composed  0 
23  parts  of  sodium  and  35*37  parts  of  chlorine.  The  specifi 
gra\'ity  of  water  vapour  shews  that  the  molecular  weight  c 
this  compound  is  about  18,  hence — assuming  the  atomi 
weight  of  oxygen  to  be  1 5  96 — the  molecular  formula  is  writte 
II.,0  (17*96).  But  no  determination  of  the  specific  gravity  c 
sodium  chloride  vapour  has  yet  been  made;  hence  the  mok 
cular  weight  may  be  about  59,  or  it  may  be  a  multiple  of  thi 
number  (assuming  the  atomic  weights  of  sodium  and  chlorin 
to  be  known),  and  hence  the  formula  NaCl  (58*37)  is  nc 
necessarily  molecular,  and  is  therefore  not  strictly  comparabl 
with  the  formula  H,0. 

Even  if  a  formula  does  express  the  relative  weight  of  tl 
molecule  of  the  body  formulated  it  is  well  to  remember  ths 
it  is  the  weight  of  the  gaseous  molecule  which  is  thus  ea 
pressed ;  the  formula  does  not  necessarily  also  represent  tl 
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relative  weight  of  the  molecule  of  the  same  body  when 
solid  :  indeed  the  definition  of  molecule  (p.  26)  is  applicable 
to  gases  only. 

As  a  general  rule,  the  melting  and  boiling  points  of  bodies 
with  large  molecular  weights  are  high :  thus  in  any  homologous 
series  of  hydrocarbons  the  boiling  and  melting  points  increase 
witli  increase  of  molecular  weight' ;  the  same  connexion 
between  these  constants  is  noticed  in  many  series  of  oxides, 
e.g.  the  oxides  of  nitrogen'.  It  would  therefore  appear  pro- 
iblc  that  the  molecular  weight  of  a  solid,  using  the  term 
'leailar  weight  in  a  wide  sense,  is  greater  than  that  of  the 
same  substance  when  in  the  state  of  gas.  So  al.so.  as  a  rule, 
the  action  of  heat  is  to  produce  molecules  of  less,  from  those 
of  greater,  weight :  thus  N,0,  exists  at  low  temperatures,  but 
becomes  NO,  when  heated  (sec  numbers  on  p.  34);  so  S^ 
exists  at  500',  but  S,  at  1000° ;  at  temperatures  above  300' 
the  molecule  O,  decomposes  into  O,.  Reactions  are  known 
in  which  heat  appears  to  favour  the  production  of  particles  of 
Igreatcr  weight  and  complexity  than  those  previously  existing; 
ibut  tlicsc  more  complex  particle,';  generally  mark  intermediate 
stages  towards  the  formation  of  less  complex  and  compara- 
tively lighter  particles.  Thus  the  action  of  heat  on  sodium- 
hydrogen  sulphate  is  generally  formulated  in  two  stages,  (1) 
2NaHS0,=  Na,S,0,  -f-  H,0  ;  (2)  Na,S,0,  =  Na,SO,  +  SO,:  so 
also  when  mercuric  cyanide  is  decomposed  by  heat,  molecules 
of  cyanogen  are  produced  having  the  formula  «CN  where 
M  >  2,  but  at  800 — 900°  these  are  separated  into  the  lighter 
molecules  C,N,:  again,  lead  monoxide,  «PbO,  when  heated 
forms  the  heavier  oxide  «I*b,0,:  Sec.  In  many  of  these  cases 
however  we  are  not  certain  that  the  formula;  employed 
represent  the  relative  weights  of  true  molecules. 

The  physical  phenomena  presented  by  liquids  and  solids 
cannot  be  expressed  by  such  comparatively  simple  generali- 
sations as  those  which  express  the  properties  of  gases;  the 


>  Thi«,  C,H,„  CH„ 
I  Rp.=  1°  i» 
fllnu,     NO 


C,H,.,   C,H,„   C,1I,,,   C,H„ 


C,„nn&c. 
167°   &c, 


me  maximum  atomic  weights  of 
application  of  Avogadro's  law. 

Maximum  atomic  weights  of  ei 


Maximum 

1 

Name  . 

atomic 
weight 

Name 

1 
1 

Hydrogen 

'    ; 

'  Manganese 

Beryllium 

9"  I 

Zinc 

Boron 

IO-95 

Germanium 

Carbon 

11-97 

Arsenic 

Nitrogen 

i4'oi 

Selenion 

Oxygen 

1596 

Bromine 

Fluorine 

191 

Rubidium 

Aluminium 

27*02 

Zirconium 

Silicon 

28 

Niobium 

Phosphorus 

3096 

Molybdenum  1 

Sulphur 

3198 

Silver 

Chlorine 

35*37 

[Iron 

Potassium 

3904 

Cadmium 

Titanium 

48 

Indium 

Vanadium 

51-2 

Tin 

Chromium 

52-4 

; 

About  two-thirds  of  the  knowi 
table. 

Some  method  other  than  that 
of  the  specific  gravities  of  gaseous 
be  discovered  for  finding  the  atonr 
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heat  contained  in  various  elastic  fluids,  and  decides  i 
of  that  which  asserts  that, 

The  qiiantiiy  of  heal  belonging  lo  the  ultimate  particles  of  all  elastic 

s  must  be  the  same  under  the  same  pressure  and  temperature." 

m  this  Dalton  deduced  the  corollary, 

The  specific  heats  of  equal  weights  of  any  two  elastic  fluids  are 
inversely  as  the  weights  of  their  atoms  or  molecules." 
The  values  of  very  few  specific  heats  had  been  determined 
when  Dalton  wrote,  and  therefore  he  did  not  possess  data 
sufficient  to  test  the  justness  of  his  general  principle.  Dalton 
calculated  the  theoretical  specific  heats  of  various  gases  by 
the  aid  of  the  above  corollary,  employing  atomic  weights  de- 
termined by  himself.  Regarding  the  tabic  of  numbers  thus 
obtained  he  remarks, 

"  Upon  the  whole  there  is  not  any  established  fact  in  regard  to  the 
specilic  heat  of  bodies,  whether  elastic  or  fluid,  th.it  is  repugnant  to  the 
above  table  so  far  as  I  know  ;  and  it  is  to  be  hoped  that  some  principle 
analogous  to  the  one  here  adopted  may  soon  be  extended  to  solid  and 
liquid  bodies  in  general" 

In  i8ig  a  paper  by  Petit  and  Dulong  appeared  in  the 
AniiaUf  de  Chimin  el  dt  Physique  [10.  395],  containing  the  re- 
sults of  determinations  of  the  specific  heats  of  thirteen  solid 
elements;  viz.  copper,  gold,  iron,  lead,  nickel,  platinum, 
sulphur,  tin,  zinc,  bismuth,  cobalt,  silver,  and  tellurium.  A 
nearly  constant  product  was  obtained  by  multiplying  the 
specific  heats  of  the  nine  elements  from  copper  to  zinc,  in  this 
list,  by  the  then  generally  accepted  atomic  weights  of  these 
clenients,  and  the  specific  heat  of  bismuth,  cobalt,  silver,  and 
tellurium,  by  a  sub-multiple  of  the  accepted  atomic  weight 
"f  each  of  these  elements.  Generalising  from  these  results 
the  French  physicists  concluded  that  "  t/ie  atoms  0/  all  the 
simple  bodies  have  exaelly  ilu  same  capacity  for  heat" 

The  introduction  of  more  accurate  methods  for  determin- 
ing specific  heats  has  necessitated  considerable  alterations  in 
many  of  the  numbers  to  be  found  in  the  original  paper  of 
Petit  and  Dulong,  nevertheless  their  general  conclusion  re- 
mains, although  it  cannot  now  be  stated  in  terms  quite  so 
absolute  as  those  used  by  its  promulgators. 

M.  C  A 
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24  In  1 83 1  F.  Neumann*  published  determinations  of  the 
specific  heats  of  various  solid  compounds,  chiefly  of  natur- 
ally occurring  minerals,  and  deduced  the  general  statement.^— 
"  The  amounts  of  cfiemically  similar  compounds  expressed  by 
their  formulce  possess  equal  specific  heats,** 

A  few  years  later  (1833 — ^4)  Avogadro*  detailed  measure- 
ments of  the  specific  heat  of  carbon,  and  of  various  com- 
pound substances,  and  drew  certain  general  conclusions  there- 
from ;  he  spoke  of  those  atomic  weights  which  were  deduced 
from  measurements  of  specific  heats  as  the  weights  of  thermal 
atoms  (atofnes  t/iermiques). 

R.  Hermann'  made  a  number  of  determinations  of  specific 
heats,  and  from  these  deduced  the  combining  weights  of 
several  elements.  The  weights  thus  obtained  were  in  some 
cases  different  from  the  Berzelian  weights  then  in  general  use. 
Hermann  supposed  that  the  specific  heat  of  certain  elements, 
e.g.  sulphur  and  oxygen,  varies  according  as  the  element  is 
in  the  free  state  or  in  combination  with  other  elements. 

Regnault*,  in  a  series  of  classical  memoirs,  added  much  to 
our  knowledge  of  specific  heats,  and  gave  a  general  confirma- 
tion to  the  laws  of  Dulong  and  Petit,  and  Neumann.  He 
arranged  a  table  of  so-called  thermo-atomic  weights,  as  follows : 
Re^iauWs  Thermo-cUomic  weights,    [See  KOPP*.] 


Al  =137 

Cr  =26- 1 

Mn=27-5 

Se  =397 

Sb  =61 

Co  =29-4 

Hg  =  ioo 

Ag=54 

As  =37*5 

Cu  =317 

Mo»48 

Na  =  ii'5 

Ba  =68*5 

F    =9-5 

Ni  «>29'4 

Sr  =438 

Bi  =105 

Au  =98*5 

N   «7      . 

S    «i6 

B    =  109 

I     =635 

Os  «99'6 

Te»64 

Br  =40 

Ir    =99 

M  =53-3 

Tl  =102 

Cd  =  56 

Fe  =28 

P    =155 

Sn=59 

Ca=20 

Li  =3-5 

Ft  =987 

Ti  =25 

C    =12 

Pb=io3-5 

K   =19-5 

W  =92 

CI  =1775 

Mg=I2 

Rh=52-2 

Zn  =32-6 

^  ^^iS"'  Ann,  23.  I.  Neumann  measured  the  specific  heats  of  8  carbonates, 
4  sulphates,  4  sulphides,  5  oxides  of  the  type  MO,  and  3  of  the  type  MfOj. 

^  Published  in  condensed  form  in  Ann,  Chim,  Phys,  [i]  06.  80:  and  OT.  113. 

'  Notroeaux  MSvtoires  cU  la  SocuHi  Im^hiale  des  Naiuralistes  de  Moscou  (1834). 
8.  137. 

^  Ann,  Chim.  Phys,  [1]  63.  5.  [3]  1.  119:  9.  311:  26. 161  and  )68:  18.  1191 
46.  257:  63.  5.  '  Annalm,  SnpplM.  S.  I  and  989. 
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^pj.  I.  §§24-2S]   GARNIER-CANNIZZARO  GENERALISATION.    SI             j 

Gamier'  (in  1852)  further  generalised  the  relations  between 

the  formula  and  the  specific  heats  of  solid  compounds ;  and 

m   Cannizzaro'  somewhat  advanced  the  generalisation  of  Gamier. 

■       The    Gamier- Cannizzaro    generalisation    may   be  stated 

i*— 

1                               _:_=  constant  (about  6-4) ;                                        1 

^^vhcre  A  =  the  formula-weight  of  a  compound,  C  =  the  specific 

heat  of  the  same  compound,  and  11  =  the  number  of  elementary 

atoms  in  the  formula  of  the  compound. 

25        Kopp*  has   gathered   together   most   of  the  trustworthy             1 

results  of  specific  heat  determinations,  and  added  many  of            1 

his  own,  besides  discussing  the  whole  subject  in  detail.                         1 

■     -                            Ta6/e  ef  Specific  Heats  of  the  Elemenls".                                         1 

f 

s^_- 

T... 

SP.KI. 

Ob«rrtr 

Lithium 

0941 

7-01 

6-6 

Re- 

'Beryllium 

062 

450"  to  s<»° 

9-1 

S-6 

He. 

'  Doron 

Jos 

about  1000°? 

lo-g 

S"S 

Wb. 

*C;trb<m 

0463 

980- 

11-97 

5-S 

Wb. 

Sodium 

o'293 

-34' to  +  7° 

23 

6-7 

Rs- 

Magnesium 

0-24S 

24 

59 

Kp. 

0-35 

6-0 

Rg. 

Aluminium 

2702 

\i 

Kp. 

©■214 

Rg: 

0225 

6-1 

Mt. 

•Silicon 

0303 

232* 

28-3 

S-8 

Wb. 

Phosphorus  (cryst.) 

0174 

-78°  10 +10° 

30-96 

S'4 

5«- 

0-189 

5*9 

Kg. 

6-2 

Kp. 

I          (red) 

0-170 

S-3 

Re. 

Sulphur 

0-188 

3  "98 

6-0 

D.P. 

„          rhombic 

0163 

5-2 

Kp. 

0-171 

5'S 

Bn. 

o-(78 

57 

Rg.               , 

^  I'otAssium 

0-I66 

-78' to +10° 

39-04 

6-5 

Re.              J 

Calcium 

(■■t7o 

399 

6-8 

Bn.                      ■ 

Titanium                      1  0-1483 

0°  to  300° 

48          ?■' 

N.P.                 ■ 

•  c™//.  rfHd.  sa.  178:  ST.  130.                                                                              S 

'  n  A^iwiw  a f  lite  7.  3a : ;  AUlrsct  in  Bull.  Set.  Chim.  for  ISSS.  1 7 1 .                         T 

•  Annaltn.  tnpplbd.  >.  r  and  189.                                                                                      1 

brl»<«o  Ul«  limil*  0'  ami  loo":  the  number  may  in  lh«c  cnws  be  rcRirdcd  u 

^^^^^^^                                                                                  ^~^  ..^^fl 

■I^^^^^^^HHto 

^^^^H 

^^ 

52 


ATOMS  AND  MOLECULES. 


[book  I. 


Name 

Spec 
heat 

Tenjik 

Atoouc 
weight 

Sp.ht. 
xat.wt. 

Obtentr 

®  Chromium 

O'lO 

524 

5"^ 

Kp. 

^  Manganese 

0*I22 

ss 

67 

Rg- 

Iron 

0*II2 

55  9 

6-3 

Kp. 

}} 

0*114 

99 

6-4 

Rg- 

n 

O'lIO 

n 

6-1 

D.P. 

Nickel 

0108 

586 

^•3 

Rg- 

Cobalt 

0*107 

59 

6*3 

Rg 

Copper 

0093 

634 

60 

^P- 

jf 

0095 

w 

6*1 

Rg- 

ij 

0*095 

9> 

61 

D.P. 

Zinc 

00932 

64-9 

61 

Kp. 

99 

00935 

>» 

61 

Bn. 

fi 

00955 

»> 

6*2 

Rg- 

» 

0-093 

>♦ 

60 

D.P. 

*  Gallium 

0079 

12**  to  23** 

69 

5'4 

Bt 

Germanium 

0*077 

O**  to  200** 

72-3 

5*64 

N.P. 

Arsenic — amorphous 

0*0761 

74*9 

11 

B.W. 

„          crystalline 

0083 1 

>f 

B.W. 

M                                >t 

00814 

» 

7*1 

Rg. 

f9                               J9 

00822 

7^-8 

6-2 

N. 

^  Selenion — amorphous 

00746 

-27**  to  +8*' 

5'9 

Rg- 

„           crystalline 

00745 

- 18'*  to  +7^* 

W 

r^ 

Rg- 

it                       n 

0*0762 

V 

60 

Rg- 

»                       if 

0*0861 

99 

6-8 

N. 

»>                                  M 

o*o84t 

99 

6*7 

B.W. 

Bromine— solid 

00843 

-78*'to-2o'* 

7975 

67 

Rg- 

^^  Zirconium 

o*o666 

90-0 

6-0 

M.D. 

^*  Molybdenum 

0*0722 

95*8 

6-9 

Rg- 

Rhodium 

0*058 

104 

6-0 

Rg- 

Ruthenium 

0*0611 

104-5 

6-4 

Bn. 

Palladium 

0*0593 

106*2 

6-3 

Rg. 

Silver 

0056 

107-66 

6*0 

Kp. 

» 

00559 

99 

6*0 

Bn. 

» 

0*057 

99 

6*1 

Rg. 

Cadmium 

0*0542 

112 

6*0 

Kp. 

»> 

0*0548 

99 

6-1 

Bn. 

p 

0*0567 

99 

6-3 

Rg. 

Indium 

0*057 

113*4 

6*5 

Bn. 

Tin 

0*0548 

117-8 

^1 

Kp. 

9f 

0*0559 

99 

6*6 

Bn. 

ti 

0*0562 

9» 

6-6 

Rg. 

>» 

010514 

99 

6*0 

D.P. 

Antimony 

0*0523 

I20*0 

6-2 

^ 

M 

00495 

99 

5"9 

Bn. 

>» 

0*0508 

99 

6*0 

Rg. 

» 

0*0507 

99 

60 

D.P. 

Tellurium 

00475 

125 

5*94 

^P-     ■ 

9» 

0*0474 

99 

IV 

^• 

Iodine 

0*0541 

126-53 

Rg. 

Lanthanum 

0*0449 

138-5 

6-a 

Hd. 

Cerium 

0-0448 

141 

6-3 

Hd. 
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■    ... 

tS" 

Temp. 

A,<„nic 

sp.h.. 

Observer 

w 

weight 

""'■"'■ 

Didymium 

00456 

144 

6-5 

Hd. 

Tungsten 

0'0334 

183-6 

6-0 

Rg- 

Osmium 

00311 

'93 

6-0 

Rg. 

H     Iridium 

00316 

194 

6-2 

Be- 

B    Platinum 

00325 

195 

6-4 

Kp. 

■ 

0^0324 

6-3 

Rg- 

w 

0'O3i4 

6-3 

D.P. 

■"Cold 

00314 

'97 

6-3 

Rg- 

«  Mercury —solid 

00319 

-78n<.-40° 

■  99-8 

6-4 

Kg- 

"  Thallium 

0-0335 

203-6 

6-8 

Rg- 

Lead 

0-0307 

206-4 

6-3 

Rg. 

0-0315 

6S 

Kp. 

L  s* 

0-0314 

6-S 

Rg- 

B3t«nuth 

0-0305 

20S 

6-3 

Kp. 

■ 

0-0308 

6'3 

Rg. 

0-0276 

232-4 

6-1 

Nn 

H  Uranium 

0-028 

240 

6-6 

Zn. 

M>tei  to  puctdmg  Tahli. 

'  Tile  tiumljer  for  beryllium  is  that  ealcitlmcd  by  Humpidge  ftoiii  a  series 
of  ddemiinations  nl  lempcratures  vntying  from  100'  to  45°°  made  with  a  s[i«;iincn 
of  beiyllium  containing  99- 1  per  cent,  of  ihe  melal :  for  fiiller  discussion  of  specific 
heal  of  lieryUium  see  par.  iS,  pp.  6j,  63. 

"'  Spec,  heat!  of  boron,  carbon,  and  silicon  ore  discussed  on  pp.  Gj— 651 
pii.  19, 

'  The  higher  tempetature  (+  10°)  is  not  given  in  Regnaiiit's  paper,  but  jndging 
from  ibc  coQtext  it  appears  to  be  tpproximalely  correct. 

'  This  number  for  chromium  is  probably  too  low;  sceKopp,  Annaltn,  Bnppltxl. 
».  77  (""te). 

'  The  Epecimen  oF  manganese  employed  contained  a  tittle  silicon. 

'  Spec,  heat  of  molten  gallium  between  109°  and  ii9''  =  -oaoi.  (lieithelot, 
BuU.  Sk.  Chim.  31.  339.) 

•  Spec,  heat  of  amorphous  selenion  deleimined  at  high  temperalilres  is  ab- 
nomuit,  because  of  the  lai^  quantity  of  heat  absorbed  before  fusion. 

^  Spec,  heat  of  zirconium  calculated  by  Mixter  and  Dana  from  delemiinalions 
iiiade  wilh  a  sample  containing  known  quantities  of  aluminium, 

"  The  Epccimen  of  molybdenum  employed  contained  carbon. 

"  Spec,  heat  of  gold  is  nearly  constant  from  0°  to  600° ;  at  900"  .ip.  ht.  =  -03+ j ; 
and  at  1000°=  -0351.     [Violle,  Cempi.  renJ.  89.  7OJ.] 

"  Spec,  bcal  of  liquid  mercury  at  55°  =  '033  (Kegnaull). 

"  The  specimen  of  thallium  employed  contained  a  litllc  oxide. 

Tlie  nunihcn  marked  wilh  t  are  probably  too  large;  see  Weber's  papers 
icferred  t*  in  next  page. 
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Kp. 

N. 

Bn. 

Wb. 


D.  P. 

Bt. 

Hd. 


B.  W. 
M.D. 

Nn. 
He. 

Mt. 
Zn. 

N.  P. 


»i 


t* 


»» 


It 


i» 


II 


II 


i» 


Kopp, 

Neumann, 

BUNSEN, 

Weber, 


i» 


fi 


ft 


It 


») 


tt 


t) 


ti 


ft 


t» 


tt 


tt 


tt 


tf 


tt 


tt 


II 


ti 


II 


»» 


II 


II 


DuLONG  and  Petit, 
Berthelot,    „ 

HiLLEBRAND, 


tt 


tt 


tt 


tt 


tt 


tt 


11 


>i 


II 


II 


It 


11 


II 


II 


It 


tt 


II 


tt 


II 


tt 


Bettendorf  and  Wullner 
Mixter  and  Dana, 

NiLSON, 

Humpidge 


tf 


tt 


tt 


tt 


tt 


tt 


tt 


tt 


tt 


tt 


tt 


The  names  of  the  various  observers  are  abbreviated  in  the  table : — 

(Ann.  Chim.  Pkys.  [i]  73.  5 : 
[3]  1.  139:  9.  322:  SI 
161 :  88.  129:  46.  257: 
68.  5:  and  6T.  427. 

AnnaUn  196.  362:  and 
Supplbd.  8.  I  and  289. 

Pogg,  Ann.  196.  123. 

Pogg.  Ann,  141.  i. 

Pogg,  Ann.  164.  367  [trans- 
lation in  Phil.  Mag.  (4) 
49.  161  and  276.] 

Ann.  Chim.  Pkys.  10.  395. 

Compt.  rend.  86.  786. 

Pogg.  Ann.  168.  71  [trans- 
lation in  Phil.  Mag.  (5) 
8.  109]. 

Pogg,  Ann.  188.  293. 

AnnaUn^  169.  388. 

Per,  16.  2519. 

Proc,  R.S.  86.  137:  88w  188: 
89.  I. 

Chan,  News,  46.  178. 

Ber,  16.  849. 

ZeU.  f.  Physikai.  CkimU.  1. 

26        The  preceding  table  contains  the  names  of  5 1  elements, 
the  specific  heats  of  which  have  been  directly  determined. 

For  eleven  of  the  remaining  elements  values  have  been 
obtained  which  are  regarded  by  some  chemists  as  representing 
the  specific  heats  of  these  elements :  the  method  employed  is 
based  on  the  assumption  that  the  molecular  heat^  of  a  solid 
compound  is  equal  to  the  sum  of  the  atomic  heats  of  its 
constituent  elements.  (See  Kopp,  Annalen^  Supplb.  3- 
321 — 339.)  Thus  Kopp  found  the  mean  molecular  heat^  of 
metallic  sulphides  of  the  form  RS  to  be  equal  to  12:  the 
atomic  heat  of  sulphur  is  57;  but  12  — 57  =  6*3;  therefore 
6*3  is  regarded  as  the  value  of  the  atomic  heat  of  any  one  of 
the  metals  R.  The  mean  value  of  the  atomic  heats  of  these 
metals  found  by  direct  experiment  is  6*4. 

^  By  molecular  heat  is  to  be  understood  the  product  obtained  by  multipljiiig 
the  specific  heat  of  a  compound  into  the  mass  expressed  by  the  genenlly  accepted 
formula  of  that  compound ;  the  expressions  formula-weight  and  nadimg 
will  be  employed  to  signify  this  mass  of  any  compound. 


Mallet,        „ 

ZiMMERMANN 

NiLSON  and  Pettersson 


t« 


»» 


tf 


t» 


tt 


ft 


ft 
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Kopp  has  applied  this  indirect  method  to  calculate  the 
atomic  heats  of  various  elements  with  which  direct  experi- 
ments could  not  be  made'. 

Chlorine: — 

Molecular  heats  of  metallic  haloid  salts  ; — 

»RC1  =12-8     RBr=i3-9     RI=I3'4 
RCl,=  t8s RI,=  I94. 
Now  as  (i)  the  atomic  heat  of  each  of  the  metals  R  is 
about  6^4;  (2)  the  atomic  heat  of  solid  bromine  and  that  of 
iodine  is  about  6*6;  (3)  the  chlorides,  bromides,  and  iodides 
examined  are  chemically  analogous;  and  (4)  the  molecular 
heats  of  the  analogous  salts  are  nearly  the  same  ;  Kopp  con- 
cludes that  the  atomic  heat  of  solid  chlorine  is  about  64. 
RCl  (i2'8)-R  [6-+)-6-4  ;  KCl,  (iS'SJ-R  (6-4)  =  i2-i,  and  ^=6-05. 
A  further  argument  in  favour  of  this  conclusion  is  afforded 
by  these  data : — 

Molecular  heat  of  KC10,=24-a 
„  „        KAsda=2S-3i 

hence  the  atomic  heats  of  arsenic  and  chlorine  are  probably 
nearly  the  same ;  but  the  atomic  heat  of  arsenic  is  61  ;  there- 
fore the  atomic  heat  of  solid  chlorine  is  probably  about  61. 
Fluorine : — 

Molecular  heat  of  CaF,=  164 
atomic  heat  of  Ca=  6-8, 


\ 


2                  -* 

Nitrvgm  .— 

Molecular  heats  of  various  more 

or  less  analogous 

Rao, =24-8 

RC0a  =  207 

RAsO,=2S-3 

RSiO,=20'; 

RP03  =  22I 

RNOj=23-o. 

L 


Hence,  it  is  ai^ued,  the  atomic  heat  of  solid  nitrogen  is 
probably  rather  less  than  that  of  chlorine  or  arsenic  (about  6), 
.■Somewhat  greater  than  that  of  carbon  or  silicon  (about  5'2), 
and  nearly  equal  to  that  of  phosphorus  (about  58);  therefore 
the  value  of  the  atomic  heat  of  solid  nitrogen  probably  lies 
between  55  and  58. 


n  SK  Kopp,  Annnten,  SupfW.  3.  jitj, 


J 


■  I 
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Oxygen :  the  molecular  heats  of  metallic  oxides  are,  as  a 
rule,  rather  less  than  those  of  corresponding  haloid  salts; 
therefore,  it  is  said,  the  atomic  heat  of  solid  oxygen  is  pro- 
bably less  than  6 ;  thus, 

RO  =iri RCl  =12-8  RBr=i3-9  RI  =I3'4» 

R02=  137 RClj=  186 RI,=  19-4. 

Further  data  for  finding  the  value  sought  for  are  these : — 

Molecular  heats Rj03=27-2  ;  KAs05=25-3;  KC104=26-3; 

KMn04=28-3. 

The  values  deduced  for  the  atomic  heat  of  solid  oxygen 
are  as  follows  : — 

from  RO  ...4-6,  from  KAs05...4*2 
„    RO2...37,    „      KC104...3-5  [assuming  Q=6] 
„  Rj03...4-8,    „    KMn04...3-8, 

hence  the  mean  value  is  4'i. 

Hydrogen :  the  principal  data  are  these : — 

(i)  Molecular  heat  of  ice  (H20)=9  :  molecular  heat  of  Cu20  =  15-6. 
Hence,  it  is  argued,  the  atomic  heat  of  solid  hydrogen  is 

probably  less  than  that  of  copper  by  the  amount  -^ =  3*3 : 

but  atomic  heat  of  copper  =  6*4 ;  therefore  the  atomic  heat  of 
solid  hydrogen  =  3*i. 

,...-,,      ,     ,  r  XT«  1-1  fhut  atomic  heat*  of  N  is  about  5-6'| 

(11)  Molecular  heat  of  NH4C1= 20:  \      .  •    1.     .1    n-i  I    \- 

^  '  *  land  atomic  heat*  of  CI      „       6*4 j 

Now  20—  12  =  8,  and  -  =  2;  therefore  the  atomic  heat  of 

4 

hydrogen  is  about  2. 

(iii)  Molecular  heat  of  NH4N03=36'4 


„  oxides 


|N03= 36-41 
R,03  =  27-2r 


Q'2 

Hence  36-4 - 272  =  9*2,  and  ^—  =  2*3. 

4 

The  mean  of  these  three  results  is  24,  a  number  which 
may  perhaps  be  provisionally  accepted  as  the  atomic  heat  ol 
solid  hydrogen :  the  method  of  calculation  however  involves 
many  assumptions  and  the  use  of  numbers  themselves  ob- 
tained by  indirect  means.     From  experiments  with  palladium 

^  Indirectly  determined,  see  p.  55. 
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charged  with  hydrogen,  Beketoff  deduced  the  number  59  as 
representing  the  atomic  heat  of  solid  hydrogen'. 

The  molecular  heats  of  the  oxides,  chlorides,  carbonates, 
nitrates,  and  sulphates,  of  calcium,  barimn,  and  strontium  arc 
nearly  the  same  as  the  molecular  heats  of  the  corresponding 
salts  of  metals  the  atomic  heats  of  which  have  been  directly 
determined  and  found  to  be  represented  by  the  mean  number 
6'4 ;  hence  the  atomic  heats  of  calcium,  barium,  and  strontium 

(e  probably  represented  by  a  number  approximately  equal 
6-4- 
The  agreement  noticed  between  the  values  of  the  molecular 
ats  of  the  chloride  and  carbonate  of  rubidium,  of  the  oxides 
and  chlorides  o{  chromium  and  titanium,  and  of  the  oxides  of 
vanadium  and  zirconium,  and  the  molecular  heats  of  corre- 
sponding salts  of  other  metals  which  themselves  exhibit  the 
mean  atomic  heat  6'4,  shews  that  the  atomic  heat  of  rubidium, 
that  o{  titanium,  o{  zirconium,  ot  chromium,  and  oi  vanadium, 
is  probably'  about  6'4.  (See  notes  6  and  10  to  table  of  speci- 
fic heats  of  elements,  p.  53.) 

The  following  numbers  representing  the  molecular  heats 
of  salts  of  some  of  the  rarer  elements  are  given  by  Nilson; 
{Bcr.  13.  1459  et  seq.). 

Spcdlic        T-^.—^.,.-™.      Molecular 


Scandium  salU  (Sc=44'03) 

Sc,0, 

0153          o°— 

100'         20-81 

Sc^SO, 

0-1639 

,          62-43 

Erbium  salts  (Er=  166) 

Er,0, 

0065 

247 

Er^SO, 

0-I04 

64-s 

K«/'/«MWa(Y=S9-5} 

v,o. 

o'ioz6 

23-3 

Y,3SOj 

01319 

6f6 

YtUrliium  salts  (Yb=i73) 

vb,o, 

0-0646 

25-5 

i 

Yb,3SO, 

0-I04 

65-8 

H                Caaium  oxide 

Ga,0, 

0-1062 

'9-5 

m                 Indium  oxide 

ln,0. 

0-0807 

If  we  assume  that  the  atomic  heat  of  oxygen  is  4-1  (see 
p,  56),  and  r^ard  only  the  oxides  in  the  above  table,  then 

1  S«  nlBrracl  of  BtkelofTs  psper  (original  is  in  Russian)  in  Btr.  13.  fiSy. 

•  Fot  t  full  collection  of  specific  heat  data  sec  F.  W.  Clarke's  CanilanlT  gf 
Xalurt,  pan  11:  or,  L&ndotl  and  Bornstein's  Fhyiilialiiclt-iktmuche  ToIhIUh.  In 
.   :incx1nn  with  thu  subject  ol  melaular  heats  see  alto  Kopp,  Bfr.  19.  811 
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the  following  values  are  found  for  the  atomic  heats  of  the 
metals  in  these  oxides : — 

Sc=4-2      Er=6i     Y=5'5     Yb=6-6:      Ga=3-6     In=5xx 

If  a  similar  process  is  applied  to  the  sulphates  (atomic  heat 
of  S  =  6),  then  the  atomic  heats  of  the  metals  are  all  repre- 
sented by  negative  numbers;  hence  either  (i)  the  value  of 
the  atomic  heat  of  oxygen  in  compounds  is  not  constant,  or 
(2)  that  of  sulphur  varies,  or  (3)  that  of  the  metals  Sc,  Er,  Y, 
Yb,  Ga,  In,  is  negative  in  their  sulphates,  and,  for  some  of 
these  metals,  is  abnormal  in  their  oxides. 

The  last  hypothesis  can  scarcely  be  adopted.  Indeed  if 
the  atomic  heats  of  gallium  and  indium  as  determined  by 
direct  experiment  are  placed  beside  the  numbers  obtained  by 
calculation  from  the  molecular  heats  of  the  oxides  (assuming 
O  =  41)  we  have  this  result : 


Directly 
detemunM. 

Calculated  from 
oxides. 

Atomic  heat  of  Gallium 

54 

3-6 

„             Indium 

6-5 

S-o 

We  can  scarcely  hesitate  which  numbers  to  prefer. 

It  seems  then  that  the  value  to  be  assigned  to  the  atomic 
heat  of  oxygen  in  oxides*  (and  probably  also  the  value  of  the 
atomic  heat  of  sulphur  in  sulphates)  is  not  a  constant  number, 
but  varies  according  to  the  metal  with  which  the  oxygen  is 
combined*:  but  if  this  is  so,  much  doubt  must  necessarily  be 
thrown  on  the  accuracy  of  the  conclusions  regarding  the 
atomic  heats  of  chlorine,  nitrogen,  and  other  elements,  deduced 
from  the  molecular  heats  of  compounds  of  these  elements. 
It  appears  then  that  the  Garnier-Cannizzaro  generalisation 
(see  antey  p.  51)  cannot  always  be  applied*. 

^  Such  phrases  as  'atomic  heat  of  oxygen  in  oxides,*  'atomic  heat  of  sulphur 
in  sulphates'  are  perhaps  rather  misleading;  they  seem  to  assume  that  an 
elementary  atom  has  diflferent  capacities  for  heat  according  to  the  nature  (and 
number)  of  other  atoms  with  which  it  is  combined,  and  that  measurements  of 
these  various  capacities  are  obtainable;  this  assumption  is  not,  I  think,  fully 
justified  by  facts. 

•  See  Kopp,  Ber,  19.  813;  ako/of/,  chapter  iii.  par.  iii. 

'  Measurements  of  the  ratio  of  specific  heat  at  constant  Tolume  to  that  al 
constant  pressure  for  various  gases  composed  of  diatomic  molecules  have  shewn 
that  the  value  of  this  ratio  is  considerably  smaller  in  some  cases  than  In  otIwiBi 


Although  a  knowledge  of  the  molecular  heats  (so-called) 
of  solid  compounds  may  give  considerable  help  towards  fixing 
the  formula  of  these  compounds,  and  so,  indirectly,  deciding 
what  multiple  of  the  combining  number  of  an  element  is 
to  be  adopted  as  the  atomic  weight  of  that  element,  yet.  it 
appears  to  mc,  that  so  far  as  concerns  the  direct  determination 
of  atomic  weights,  only  those  values  for  specific  heats  which 
have  been  obtained  by  experiments  on  the  solid  elements 
themselves  arc  of  much  value. 

It  is  certain  that  in  some  cases  erroneous  conclusions 
regarding  the  value  of  an  atomic  weight  may  be  deduced 
from  measurements  of  the  specific  heats  of  solid  compounds. 
Thus  it  was  for  some  time  doubtful  whether  the  value  120 
or  240  should  be  assigned  to  the  atomic  weight  of  uranium. 
In  1878  Donath  found  the  specific  heat  of  uranoso-uranic 
oxide  to  be  '0798  (Ber.  12.  742);  assuming  the  specific  heat 

of  solid  oxygen  to   be  025   fi.e.  ^1,  the    specific    heat   of 

uranium  was  calculated  to  be  '0497;  now  0497  x  120  =  S'96; 
therefore  it  was  concluded  by  Donath  that  the  atomic  weight 
of  uranium  is  120.  But  in  1880 — i  pure  uranium  was  pre- 
pared by  Zimmermann  (for  details  see  Bir.  14  440  and  779 : 
IB.  849),  and  the  specific  heat  of  this  metal  was  found  by  him 
to  be  '028;  but  '028  x  i20  =  3'3;  hence,  to  bring  the  atomic 
heat  of  uranium  into  agreement  with  that  of  the  majority  of 
the  elements  it  is  necessary  to  assign  to  the  atomic  weight 
of  this  metal  the  value  240. 
27        If  the  table  of  maximum  atomic  weights  {p.  48)  is  com- 

hence  a  complele  Ihcoty  of  Epecilic  beat,  even  wlieii  applied  to  gases,  must 
take  account  not  only  o(  the  number  but  also  of  the  Dilure  of  the  atoms  in  a 
niolccuk  (compare  OstwaU,  Lthrbiuk  dtr  allgemeintn  ChtmU,  1.  130).  When 
Uie  *inolccuki  heal'  of  a  compound  is  smaller  than  the  calculated  value  it  may 
c  llial  tbe  molecule  of  the  compound  is  built  up  of  gioaps  til  atoms  each  u( 
rilich  gtDUp  counts  as  a  single  atom.  If  the  alom«  fomiing  a  molecule  aie 
nmetiioUlf  arranged  (i.e.  if  the  distance  tictwccn  one  pair  of  atoms  is  much 
e  as  that  between  any  other  pair)  then  the  total  kinetic  energy  of  the 
it  *ery  probably  proponlonal  to  the  number  of  atoms;  but  if  some  of 
tnged  in  grou|is  or  systems,  the  total  kinetic  energy  will  be 
iftional  to  the  numlicr  of  system*,  iind  not  lo  the  number  of  atoms  (see 
n  the  new  Ed.  of  Walls's  Ditfiomiry  of  Chrmislry). 
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pared  with  that  which  gives  the  specific  heats  of  clcroeots 
(pp.  51 — 53),  it  will  be  found  that — omitting  the  three  ele- 
ments which  are  placed  in  brackets  in  the  former  tabic — of 
the  43  elements  (omitting  those  in  brackets)  whose  atomic 
weights  have  been  determined  by  the  application  of  Avoga- 
dro's  law,  34  have  also  had  values  assigned  to  their  specific 
heats  by  direct  experiments.  Comparing  the  products  ob- 
tained by  multiplying  the  atomic  weight  into  the  specific  heat 
in  each  of  these  34  cases,  it  is  found  that  5  of  these  products 
fall  below  58  (varying  from  $y  to  52),  and  that  29  vary  from 
6'8  to  6.  giving  a  mean  value  of  64,  round  which  number  most 
of  the  values  are  grouped.  The  conclusion  to  be  drawn  is 
that  the  atomic  heat  of  the  29  elements  in  question  is  repre- 
sented by  the  number  6"4.  There  are  three  elements  in 
brackets  in  the  table  on  p.  4S,  viz,  iron,  copper,  and  gallium: 
if  the  maximum  atomic  weight  of  each,  as  deduced  by  Avo- 
gadro's  law,  is  multiplied  into  the  specific  heat  of  the  clement 
the  product  is  found  to  be  about  12,  but  if  the  true  atomic 
weights  are  assumed  to  be  half  as  large  as  the  numbers  in  the 
table,  then  the  atomic  heat  of  each  of  these  elements  is  repre- 
sented by  the  mean  number  64.  Now  there  are  no  valid 
reasons  against  adopting  half  the  maximum  values  obtained 
by  Avogadro's  law  as  the  true  values  of  the  atomic  weights 
of  the  three  elements  in  question,  indeed  there  are 
chemical  reasons  in  favour  of  this  course. 

Hence  we  have  a  very  considerable  mass  of  facts  ini 
of  the  generalisation  :- 

T/if  atomic  heat  of  alt  solid  elemmts  is  nearly  a 
stant,  the  mean  value  of  which  is  6"4. 

If  this  be  granted,  we  deduce  the  statement  for  findini 
approximate  value  for  the  atomic  weight  of  an  clement] 

6-4_ 


Atomic  tveigkt  is  approximately  eqital to  — 

provided  always  it  is  remembered  that  the  specific  I 
assumed  to  be  determined  with  the  element  in  the  solid 
and  for  a  considerable  range  of  temperature  thruughoud 
the  value  remains  nearly  constant 

This  method  for  determining  the  atomic  wejglltei 
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mcnts  has  been  applied  in  about  14  cases,  besides  those 
cases  where  the  method  of  specific  gravities  has  also  been 
employed  ;  the  numbers  obtained  are  usually  regarded  as  the 
true  atomic  weights  of  the  elements  in  question. 

It  is  evident  that  in  determinations  of  the  specific  heats  of 
solid  elements  we  have  a  most  valuable  means  for  deciding 
which  multiple  of  the  combining  number  of  an  element  is 
to  be  accepted  as  most  probably  expressing  the  value  of 
the  atomic  weight  of  that  element  When  the  element 
cannot  be  obtained,  or  cannot  be  obtained  in  sufficient  quan- 
tity, in  the  solid  form,  then  measurements  of  the  specific 
leats  of  a  series  of  its  solid  compounds  will  afford  more  or 
valuable  guidance  in  attempts  to  find  the  atomic  weight 
the  element  in  question. 

The  following  statements  fairly  sum   up   the  results  of 
imic  heat  determinations, 

I.  Solid  etetnents,  forty-five  in  number,  wJwse  specific  heats 
iiv  been  directly  determined,  and  whose  atomic  lieats  are  all 

■rly  equal  to  6*4. 
Li    Na    Mg    Al    P    S    K    Ca    Ti    Mn    Fe    Co    Ni    Cu    Zn    As 
Se    Br    Zr    Mo    Rh    Ru    Pd    Ag    Cd     In    Sn    Sb    Te     1     La 
Ce    Di    W    Os    Ir    Pt    Au     Hg    TI    Pb    Bi    Th    U (Cr) 

I I.  Solid  elements,  six  in  number,  wlwse  specific  /teats  have 
w  directly  determined,  and  whose  atomic  heats  appear  to  he 

•ut  5-5. 

Ga  [?  inaccurately  determined]    Be    B    C     Si     Ce. 

III.  Solid  elements,  five  in  number,  whose  specific  heats 
have  been  indirectly  determined,  and  whose  ato7nic  heats  are 
probably  nearly  equal  to  64. 

V     Rb     Sr     Cs     Ba. 

IV.  Gaseous  elements;  atomic  heats  very  doubtful,  appa- 
itly  variable. 

H     (F)     N     O     CI. 

Of  the  elements  whose  atomic  heats  are  decidedly  less 

than  6-4,  all,  except  gallium  beryllium  and  germanium,  are 

non-metallic  and  have  atomic  weights  smaller  than  33 :  indeed 

Iff  the  elements  are  arranged  in  order  of  increasing  atomic 

ght,  it  is  found  that,  with   the  exception   of  lithium,  all 

ing  an  atomic  weight  less  than  23  have  also  an  atomic 
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heat  less  than  6,  and  that  these  elements,  except  beryllium, 
are  non-metallic. 
28        The  data  concerning  the  specific  heats  of  beryllium,  boron, 
carbon,  and  silicon,  must  be  examined  in  son^e  detail. 

Beryllium,  R.  E.  Reynolds  {PhiL  Mag.  (5)  3.  38)  deter- 
mined the  specific  heat  of  this  metal  at  100°  to  be  '642 :  the 
metal  used  was  however  impure. 

Nilson  and  Pettersson  {Ber,  11. 351)  determined  the  specific 
heat  of  a  mixture  of  metallic  beryllium  with  known  quantities 
of  beryllium  oxide,  ferric  oxide,  and  silica  ;  they  also  deter- 
mined the  specific  heat  of  pure  beryllium  oxide,  and,  the 
specific  heats  of  ferric  oxide  and  silica  being  known,  they 
calculated  the  specific  heat  of  the  metal  beryllium  to  be  '4079, 
for  the  temperature  interval  0° — 100°. 

The  same  chemists  {Ber.  13.  I456 :  see  also  Chem.  News, 
42. 297)  made  a  second  series  of  determinations  with  a  sample 
of  the  metal  containing  only  about  5  per  cent,  of  beryllium 
and  ferric  oxides.  The  following  table  gives  their  more 
important  results : — 

Specific  heat  of  Beryllium,    (N ILSON  and  Pkttersson.) 


Temperature  interval 

Specific  heat. 

Sp.hLx  13*65 

o°— 46'**5 

0-3973 

5*4 

0**— 100° 

0*4246 

5-8 

0°-2I4'* 

0-475 

6-4 

o**-30o'' 

0-5055 

6-9. 

Hence  these  chemists  concluded  that  the  atomic  weight 
of  beryllium  ought  to  be  taken  as  13*65,  and  not  9*1,  the  value 
usually  assigned  to  this  constant 

The  results  tabulated  above  shew  that  the  value  of  the 
specific  heat  of  beryllium  for  the  interval  0° — 300**  is 

27  per  cent,  greater  than  the  value  for  the  interval  o* — 50* ;  is 
7  „  „  „  o'*— 200*;  and  is 

19  „  „  „  o'*— ioo\ 

Using  the  data  of  Nilson  and  Pettersson,  L.  Meyer  {Ber. 
13.  1780)  calculated  the  values  of  the  specific  heat  of  beryllium 
at  various  temperatures,  with  the  following  results : — •* 
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True  sprrific  htal  of  Beryllium  at  various  temperatures.  (Mever.) 
e  specific  heal  at  temperature  t. 
n  value  of  y  per  I°C. 


!0-a 

0-3973 

000 101 

3-62 

73°i 

0-4481  •■■■ 

....0-00085 

408 

•57' 

o-S'93 

473 

o-sSrg 

S19 

8'94- 
Hence,  Meyer  concluded  that  the  specific  lieat  of  beryllium 
increases  rapidly  as  temperature  increases,  but  that  the  rate 
of  this  increase  diminishes ;  and  that  the  specific  heat  pro- 
bably attains  a  constant  value,  equal  to  about  od,  at  300"  or  so', 
Hurapidge',  working  with  a  specimen  of  beryllium  con- 
taining 992  per  cent,  metal  and  7  per  cent,  beryllium  oxide, 
obtained  the  following  numbers  : — 

I  specific  keat  0/ Derylliupt.  (HUMPIDGE.) 

Temp.  Specific  hut. 

100°  -4702 

200°  -540 

400°  -61 72 

500°  -6206. 

The  value  approximates  to  a  constant  (=  about  '62)  some- 
where between  400°  and  5CX)\ 
29  Boron,  Carbon,  and  Silicon.  Very  varying  values  have 
been  obtained  for  the  specific  heats  of  these  three  ele- 
ments. The  following  table  summarises  the  principal  data 
previous  to  the  publication  of  Weber's  papers  [see  Pkil.  Mag. 
(4)  49.  161  &  2;6]. 

specific  htati  of  BoroH,  Carbon,  Silicon.    (Weber's  numbers  not  included.) 
{Temperature  may  be  taken  as  about  35° — 55".) 

Sp.  hi.  Sp.  hi.KaL  wt,        Otwrvcr. 


2 

8 

Kp. 

.864 

„        ciystalline            0230 

6 

„ 

„ 

0-252 

8 

M.D. 

'873 

0262 

9 

Rg- 

1869 

0-225 

5 

Rg- 

1869 

.1                 >.                       0-2S7 

8 

„ 

„ 

graphitic               oajs 

6 

„ 

„ 

the  »lo 

mic  weighl 

riwrylH 

chipler  IlL  par.  mi. 

»  Pr^.R.S.as.  til-.  M.  188:  and 

pcciaUy  81 

.1. 
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Sp.he. 

Sp.htxatwt 

Obsenrer. 

Carbon — diamond 

0-I43 

17 

B.W. 

1868 

»               » 

0-I47 

1-8 

Rg. 

1841 

„          gas-carbon 

0-165 

2-0 

Kp. 

1864 

II               11 

o-i86 

2-2 

B.W. 

1868 

»               11 

0-197 

2-4 

Rg. 

1841 

„          graphite 

0-174 

2-1 

Kp. 

1864 

»               »i 

o-i88 

2-3 

B.W. 

1868 

II                            !♦ 

0-20I 

2*4 

Rg. 

1866 

Silicon — fused 

0-138 

3*9 

Kp. 

1864 

II               II 

o-i66 

4-6 

Rg. 

1861 

„          crystalline 

0-165 

4-6 

Kp. 

1864 

II               II 

01 71 

4-8 

M.D. 

1873 

II                   n 

0-173 

4-8 

Rg. 

1861. 

Weber  {/oc,  cit)  found  that  the  specific  heats  of  carbon, 
boron,  and  silicon,  increase  rapidly  as  the  temperature  is 
raised,  but  that  at  high  temperatures  the  rate  of  the  increase 
becomes  much  smaller.  The  following  table  gives  a  synopsis 
of  Weber's  results : — 

Specific  heats  of  Boron^  Carbon^  and  Silicon,  (Weber.) 


Tempw 

Spec,  heat 

Spec  ht  X  at. 

3ron— 

-crystallised 

-40- 

0-19x5 

2-1 1 

II 

II 

■^yr 

0-2737 

3OX 

II 

11 

177" 

03378 

372 

II 

II 

233** 

03663 

403. 

These  numbers  shew  that  the  specific  heat  of  boron  in- 
creases with  increase  of  temperature,  and  that  the  value  of 
this  increase,  for  a  given  interval,  is  considerably  less  at  high 
than  at  low  temperatures.  The  variations  in  the  rate  of 
this  increase  are  almost  identical  with  the  variations  noticed 
in  the  case  of  carbon ;  hence  at  temperatures  above  233*" 
this  identity  will  probably  remain.  Calculated  on  this  as- 
sumption, the  specific  heat  of  boron  at  about  1000**  is  0*50. 

It  must  however  be  observed  that  Weber  did  not  prove 
the  purity  of  the  specimen  of  crystalline  boron  with  which  he 
worked.     The  crystals  were  prepared  by  reducing  boric  oxide 

^  Dewar  {Phi/.  Mag.  [4]  44.  461)  found  for  the  specific  heat  of  gas-carboo 
between  10°  and  1040°  the  number  0*33,  for  diamond  the  number  0-366;  and, 
between  10^  and  a  temperature  estimated  to  be  3000°,  for  'carbon*  the  number 
0-41. 


^KB. 
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by  aluminium;  according  to  Hampe  (Annalen,  183.  75)  the 
substance  thus  obtained  is  a  definite  boride  of  aluminium, 


\ 
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Carbon,  and  Silicon.    (Webeb 

)  continued. 

Tcitii).                     Sp«,  lifaL 

Sp.  hi.,>i.  wt. 

Carbon— diamonil 

-  50°                      0-0635 

0-76 

„ 

„ 

+  10°               o-iisS 

1-35 

„ 

„ 

85^               o-,765 

„ 

250"               0-3026 

3'63 

„ 

„ 

606"               0-4408 

5-29 

,. 

„ 

985-               o'4589 

5-50 

„ 

graphite 

-so'               o'lijS 

1-37 

„ 

„ 

+  10°               o'i6o4 

'■93 

„ 

61°               0-.990 

2-39 

„ 

„ 

2or               0-3966 

356 

„ 

„ 

250°               o'335 

3-88 

„ 

64  r          0-4454 

S-3S 

„ 

„ 

978°          0-467 

S-6o 

Porous  wood  carbon 

o°-23=             0-1653 

'■95 

0'— 99°             0193s 

2-07 

-223- 


o'2385 


284. 


These  numbers  shew  that  the  specific  heat  of  carbon 
increases  from  -  50  upwards,  the  value  found  at  600"  being 
about  seven  times  as  great  as  that  found  at  —  50" ;  but  that 
the  rate  of  this  increase  is  very  small  at  high  temperatures; 
from  a  red  heat  upwards  the  rate  is  about  one-seventeenth 
of  that  from  o^  to  ioo\ 

The  specific  heats  of  diamond  and  graphite  differ  at  tem- 
ii'.ratures  below  about  6oo^  but  from  this  point  upwards  they 
Lfcj  practically  identical ;  the  numbers  given  for  pormis  wood 
■-.irbon  are  almosi  the  same  as  those  for  graphite  for  the  same 
temperature-intervals ;  hence  it  may  be  said  that  at  high 
temperatures  (above  600")  the  various  modifications  of  carbon 


^navc 

1 


c  probably 

all  the  5 

imc  specific  heat. 

Tnble  continued. 

Silicon- 

- crystal  Used 

Temp.                    Spec.  hoi. 
-40°                   0-136 

+  S/'               0-1833 

128"                   0-196 
184^                   0-20U 

331'              0-2019 

Sp, 

3-8  T 

5-13 

SSo 

S'63 
5-68 

M.C. 

^ 

-^ 

s 
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The  specific  heat  of  silicon  attains  an  almost  constant 
value  at  about  200°. 
'  30  It  is  evident  that  the  specific  heat  of  an  elementary 
body  is  not  a  constant  number,  but  varies  with  the  tem 
perature,  and  that  the  relation  between  the  variation  of 
specific  heat  and  that  of  temperature  differs  for  each  element. 
The  following  formula;  calculated  from  experimentally  deter- 
mined numbers,  express  the  relation  in  question  for  some  of 
the  elements ; — 
'Carbon — diamond  sp.  hi.  =o'44o8+o"oooo405  /,  where  /  varies  from 
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The  specific  heat  of  any  substance  also  varies  with  varia- 
tions in  the  physical  state  of  that  substance,  thus  : — 


Bromine— solid 

00843 

Iron  sulphide  as  pyrites  . 

■    0-I1J9 

liquid 

OHIO 

Chlorine— solid     ... 

.    o-ito 

Soft  copper            

o'0948 

„            'gaseous 
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Hard  copper          

00934 

Mercury— solid     ... 

OTOJl 

Iron  sulphide  as  slrahlite 

0-1332 

„           'gaseous 

.    owi 

The  specific  heats  of  the  elementary  bodies  have  gener- 
ally been  determined  at  temperatures  situated  at  very  varying 
intervals  from  the  melting  points  of  these  elements  ;  tbc 
physical  aggregation  of  the  specimens  examined  has  also 
varied  much ;  hence  the  values  found  for  the  specific  heats 
of  the  elements  cannot  be  regarded  as  strictly  comparabli 

There  appears  to  be  a  certain  interval  of  temperature 
within  which  the  value  of  the  specific  heat  of  a  solid  elemcnl 
becomes  nearly  constant,  and  for  this  interval  only  can  the 
clement  be  said  approximately  to  obey  the  law  of  Dulong 

>  Webet  (<■«.  Ht.). 

'  BWc,  iWoi.  Couronn.  de  CAfwI.  Bnix.  W.  3  (1855). 

'  VioUe,  Comft.  rend.  M.  J43. 

'  Cakulnled  for  coinlnnl  votiinic. 
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and  Petit,  as  stated  on  p.  60.  This  temperature-interval 
varies  for  each  element,  especially  for  the  nonmetallic  ele- 
merits  with  small  atomic  weights;  for  many  elements  it  may 

L^  roughly  taken  as  from  o^  to  100" ;  but  for  several  it  is  only 

Hlittaincd  at  high  temperatures. 

I  Kopp  {he.  cit.)  has  supposed  that  the  atoms  of  certain 

elements — more  especially  of  boron,  carbon,  and  silicon — are 
built  up  of  simpler  parts,  have  themselves  a  grained  structure, 
and  that  at  high  temperatures  the  atoms  of  these  elements 
arc  composed  of  a  smaller  number  of  those  little  parts  than  at 
lower  temperatures.  Heat  added  at  low  temperatures  is 
supposed,  on  this  hypothesis,  to  be  used  in  separating  the 
atomic  groups.  With  regard  to  Kopp's  hypothesis  it  may  be 
obscr\-ed,  that  the  facts  of  spectroscopy  seem  to  point  to  the 
existence  of  a  more  complex  structure  in  the  nonmetallic  than 
in  the  metallic  molecules;  that  allotropy  occurs  distinctly 
only  among  the  non-metals;  that  the  molecules  of  the  five 
metallic  elements  whose  vapour-densities  have  been  deter- 
mined are  monatomic ;  that  the  atomic  heat  of  tellurium,  a 
metal-like  non-metal  belonging  to  the  o\ygen  group,  is  6'o.  of 
the  Ic^^s  metal-like  selenion  about  S"8,  of  the  decidedly  non- 
metallic  sulphur  about  5'5,  and  of  the  typical  non-metal  oxygen 
probably  not  more  than  4;  and  finally  that  the  molecular 
structures  of  oxygen,  sulphur,  and  selenion,  vapours  are  more 
complex  than  that  of  tellurium  vapour.  Now  as  carbon, 
boron,  and  silicon  are  distinctly  non-metallic  elements,  these 
facts  lend  support  to  the  view  that  a  part  of  the  heat  added 
to  carbon,  boron,  or  silicon,  at  low  temperatures  is  spent  in 
separating  complex  molecular  groups  into  their  constituent 
parts,  rather  than  in  separating  the  hypothetically  complex 
atoms  of  these  elements  into  smaller  atoms. 

31  A  consideration  of  the  data  summarised  in  the  preceding 
paragraphs  shews,  I  think,  that  tlie  application  of  Avogadro's 
law  is  of  more  value  to  the  chemist  as  a  means  of  determining 
the  atomic  weights  of  elements  than  the  law  of  IDulong  and 
Petit.  From  a  general  consideration  of  the  molecular  theory 
of  matter  it  is  also  apparent  that  a  deduction  which  docs  not 
necessitate  an  exact  hypothesis  as  to  the  internal  structure  of 
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molecules  is  more  trustworthy  and  more  appropriate,  in  the 
present  state  of  knowledge,  than  another  which  does  necessi- 
tate some  such  hypothesis. 

The  molecular  explanation  of  the  gaseous  laws  expressing 
relations  between  volume,  pressure,  and  temperature,  and  of 
Avogadro's  law,  may  be  considered  as  fairly  complete  ;  but  in 
order  to  give  a  molecular  explanation  of  the  law  of  specific 
heats  more  knowledge  of  the  internal  structure  of  molecules 
than  we  now  possess  is  necessary*.     For  the  specific,  heat  of  a 
substance  depends  on  the  rate  at  which  the  whole  energy  of 
the  molecule  increases  with  increase  of  temperature  :  but  this 
energy  is  made  up  of  two  parts,  (i)  the  energy  of  agitation, 
that  is,  the  energy  the  molecule  would  possess  if  it  moved  as  a 
whole  with  the  motion  of  its  centre  of  mass,  or  in  other  words 
without  rotation ;  and  (2)  the  energy  of  rotation,  that  is,  the 
energy  the  molecule  would  possess  if  its  centre  of  mass  were 
reduced  to  rest,  in  other  words  the  energy  due  to  the  motion 
of  the  parts  relatively  to  the  centre  of  mass  of  the  molecule*. 
If  it  is  assumed  that  the  energy  due  to  the  rotational  motions 
of  the  parts  of  the  molecule  tends  towards  a  value  having  a 
constant  ratio  to  the  energy  of  agitation  of  the    molecule, 
then  a  simple  expression  is  found  for  the  whole  energy  ;  but 
this  expression  contains  a  factor  which  varies  in  different 
gases,  and  the  value  of  which  has  been  determined  only  in  a 
few  cases'.    And  moreover  it  is  probable  that  when  the  energy 
due  to  the   rotational  motions   of  the  parts  of  a  molecule 
becomes  greater  than  a  certain  quantity, the  molecule  separates 
into  parts ;  hence  when  heat  is  imparted  to  a  mass  of  mole- 
cules work  is  probably  in  many  cases  done  in  destroying 
some  of  the  molecules  as  such^     Hence  the  molecular  expla- 
nation of  specific  heat  is  not  at  present  in  so  advanced  a  state 
as  that  of  the  relations  between  the  volumes,  pressures,  and 
temperatures,  of  gases*.     If  this  be  true  concerning  gases,  still 

*  Clerk  Maxwell,  C.  S,  Journal  [i]  13.  507. 
'  Clerk  Maxwell,  loc,  cit,  p.  501. 

^  See  Clerk  Maxwell's  Heat^  pp.  317 — 319  (6th  cd.). 

^  See  Hicks,  /'^t/.  Mag,  (5).  4.  80,  and  174.     'On  some  eflfects  of  Dtssodft* 
tion  on  the  Physical  Properties  of  Gases.  * 

*  See  in  connexion  with  this  subject  Strecker,  Wied.  Anm,  IS.  90;  mod  Boitt- 
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more  is  il  true  concerning  solid  bodies.  Our  knowledge  of 
the  molecular  phenomena  of  solids  is  very  small ;  but  the  law 
of  Dulong  and  Petit  is  applicable  to  solid  elements  only. 
Finally,  when  heat  is  added  to  a  solid  only  a  portion  of  it  is 
used  in  raising  the  temperature;  another  part  is  spent  in 
increasing  the  volume  of  the  solid,  and  a  third  part  is  em- 
ployed in  doing  work  against  the  external  pressure  on  the 
solid. 
32  The  so-called  Maw  of  isomorphism'  affords  a  basis  on 
which  is  founded  another  method  for  determining  the  atomic 
weights  of  elementary  bodies. 

The  views  of  Abb^  Hauy  were  dominant  in  crystallo- 
graphy in  the  early  days  of  this  century ;  he  admitted 
a  close  connexion  between  crystalline  form  and  chemical 
composition,  but  he  thought  that  each  chemically  dis- 
tinct body  must  be  characterised  by  a  definite  and  peculiar 
form. 

In  1816  Gay-Lussac  noticed  that  the  growth  of  crystals 
of  potash  alum  was  not  affected  by  placing  them  in  a  solution 
of  ammonia  alum. 

Various  observations  of  this  kind  were  made  from  time  to 
time'  until  1819,  when  E,  Mitscherlich  propounded  the  law  of 
isomorphism,  which,  modified  and  developed,  was  stated  by 
him  in  1821  in  the  following  terms:  "  Equal  numbers  of  atoms 
similarly  combtmd  exhibit  the  same  crystalliuc  form  ;  ideutiiy 
of  crystalline  form  is  indepetideut  of  the  clutnical  uature  of 
the  atoms,  and  is  conditioned  only  by  tlte  number  and  configura- 
tion of  the  atoms" 

Since  this  date  various  observers  have  advanced  the  know- 
ledge of  the  relations  between  crystalline  form  and  chemical 
composition*.  The  more  unporlant  generalisations  are  as 
follows. 


mann,  da.  11.  544;  and  18.   joy:  siso  an.   AEETegftUon,  Statoa  of,   in  (he  new 
elition  of  SValts'i  Diaisnar): 

a  inll  liislorical  accoiim  nf  the  (levclopmenl  of  Ihc  conccplion  of  /ju- 
rfkiim,  wilh  co|rioas  rererenL-cs.  s«  Uie  arliele  '  Isonior]ihie '  in  ihe  /\feurs 
irIerituA  der  Cifuie,  Bd.  1:1.  p.  844  a  itf. 

I  Knpp's  Lehr/iHih  der  fkyi 
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One  may  suppose  that  the  presence  of  a  large  number  of 
Lsomorphous  atoms  exerts  a  dominating  influence  over  a 
smaller  number  of  n  on -lsomorphous  atoms. 

The  constituents  of  isomorphous  compounds  are  not  them- 
selves always  isomorphous.  Thus,  the  sulphates  of  nickel, 
magnesium,  and  zinc,  crystallise  jn  rhombic  forms,  but  the 
oxides  of  the  same  elements  are  not  isomorphous. 

In  other  cases  the  constituents  of  isomorphous  bodies  are 
themselves  isomorphous ;  e.g.  the  compound  3Ag,S .  Sb,S,  has 
the  same  crystalline  form  as  the  compound  3Ag,S .  As,S,, 
Sb,S,  and  As^S,  are  isomorphous  in  rhombic  forms,  and 
arsenic  and  antimony  form  almost  identical  rhombic  crystals. 
Hence  we  must  distinguish  strict  isomorphism  as  applied  to 
bodies  which,  with  similar  composition,  exhibit  the  same  or 
nearly  the  same  crystalline  form  ;  and  isomorphism  as  more 
loosely  applied  to  bodies  which,  although  not  themselves 
crystallising  in  the  same  form,  nevertheless  combine  with 
other  bodies  to  produce  strictly  isomorphous  compounds  into 
which  they  enter  as  corresponding  groups'. 

A  certain  latitude  is  generally  allowed  in  the  application  of 
the  term  'isomorphous  crj-stals.'  This  latitude  has  gradually 
been  more  and  more  advanced  until  it  has  become  difficult  to 
give  an  exact  meaning  to  the  expression.  Absolute  identity 
of  the  angles  of  two  bodies  occurs  only  when  the  bodies 
crystallise  in  the  regular  system.  Chemically  analogous  com- 
pounds sometimes  crystallise  in  forms  closely  resembling  one 
another,  yet  belonging  to  diff'erent  systems;  e.g.  potassium 
dichromate  crystallises  in  monoclinic  forms,  where  a  :  b  :  c 
=  i'Oii6  1  I  :  r8i4S,  and  ammonium  dichromate  crystal- 
lises in  triclinic  form  the  relations  of  the  axes  of  which  are 
nearly  the  same  as  those  of  the  monocUnic  crystals,  viz,  a:b:c 
=  10271  :  1  ;  17665.  Salts  with  identical  crystalline  form 
sometimes  exhibit  optical  differences'.  Are  all  such  salts  to 
be  called  truly  isomorphous  ?  Kopp*  proposes  that  only  those 
salts  any  one  of  which  is  capable  of  growing  in  unmodified 

'  Lihrbuih  lUr fkytikaliukin  und  th(oretisehtii  Chemie,  3.  1.19. 
'  See  liakCT,  C.  S.  Jeuntal  TiKSI.  for  WT».  ^(\a. 
'  Btr.  U,  (joo  tl  siq. 
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partially  LanlkanHm,  Cerium,  DUymium,   yilriiim,  Eriium;  with 
calcium,  in  compounds  of  type  RO: 
„  Copper,  Mercury;  with  lead,  in  oxy-compounds ; 

„        Beryllium,  Cadmiutn,  Indium;  with  sine,  in  some  com- 
pounds : 
„         Thallium,-  with  lead,  in  some  compounds. 
Group  VI.    Aluminium,  Chromium,  Matiganese,  Iron;  in  ihe  ses(|ui- 
oxides  [RjOJ  and  salts  derived  therefrom ; 

partially  Cerium,  Uranium;  in  their  sesquioxides. 
Group  VI 1.     Copper,  Silver;  in  compounds  of  the  type  RjO : 
partially  Gold;  with  silver. 
Group  VUI.     Ruthenium,  Rhodium,  Riilladiiim,  Iridium,  Ftalinum, 
Osmium;  in  most  compounds : 
partially  Iron,  Nickel,  Gold: 
„         Tin  [7  Tellurium]. 
Group  IX.     Carion.  Silicon,  TiUiHium,  Zirconium,  Tin,  Thorium; 
pariially  in  compounds  of  the  type  ROn,  and  salts  derived  from  the 
type  H,ROj:  carbon  with  silicon  in  many  correspond- 
ing so-called  organic  compounds. 
„  Irou;  with  lilanium. 

Group  X.    Niobium,  Tantalum;  in  all  their  compounds. 
Group  XI.    Molybdenum,  Tungsten;  in  all  their  compounds: 
partially  Chromium;  in  salts  of  acids  of  the  type  H,RO,. 

The  terms  dimorphous,  trimorplmis,  polymorphous  were 
tjsfd  by  Mitscherlich.  Many  examples  of  the  phunomcna  to 
wlitch  these  names  are  applied  are  now  known  :  thus  calcium 
carbonate  crystallises  in  hexagonal  forms  as  calcspar,  and  in 
rhombic  forms  as  arragonite;  titanium  oxide  assumes  two 
distinct  quadratic  forms,  one  being  known  as  ritdle  the  other  as 
aiiatase.  and  it  also  crystallises  as  brookiU  hi  rhombic  prisms; 
arscnious  oxide  crystallises  in  octahedral,  antimonious  oxide 
in  rhombic,  forms,  but  if  amorphous  arscnious  oxide  is 
heated  in  a  scaled  tube  so  that  one  part  of  the  tube  is  at  400° 
and  the  rest  below  this  temperature,  the  oxide  deposited  in 
the  middle  part  of  the  tube  is  found  to  be  isomorphous  with 
rhombic  antimonious  oxide;  the  latter  oxide  is  also  known  in 
octahedral  forms,  so  that  the  isodimorphism  of  these  two 
oxides  is  complete'. 

_  '  i.  Ltlinmiin,  ZiHiihr./.  fhynial.  Chemie,\.  15. 
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34  If  it  IS  assumed  that,  as  a  general  rule,  those  masses  of 
two  substances  which  are  crystallographically  equivalent 
have  similar  chemical  constitutions*;  and  if  we  suppose 
that  the  atomic  weights  are  known  of  the  elements  which 
compose  one  of  two  compounds  exhibiting  identical  or  nearly 
identical  crystalline  form,  it  is  evident  in  what  way  deter- 
minations of  crystalline  form  may  aid  in  fixing  atomic 
weights. 

To  take  an  example: — from  determinations  of  the  specific 
gravities  of  gaseous  compounds  and  analyses  of  these  com- 
pounds, the  value  52*4  is  assigned  to  the  atomic  weight  of 
chromium ;  this  number  is  verified  by  measurements  of  the 
specific  heat  of  the  same  metal.  The  green  oxide  of  chromium 
exhibits  the  same  crystalline  form  as  ferric  oxide,  hence 
these  oxides  should  probably  be  represented  by  similar  for- 
mulae. On  comparing  the  compositions  of  crystallographically 
equivalent  quantities  of  the  two  oxides,  it  is  found  that  one  is 
composed  of  52*4  x  2  parts  by  weight  of  chromium  and 
1 5  96  X  3  parts  of  oxygen,  and  the  other  of  the  same  mass  of 
oxygen  combined  with  55*9  x  2  parts  by  weight  of  iron.  Now 
the  atomic  weight  of  chromium  has  been  determined  to  be 
52*4,  and  the  atomic  weight  of  oxygen  is  known  to  be  15*96; 
hence  the  simplest  formula  that  can  be  given  to  the  green 
oxide  of  chromium  is  Cr^Oj;  and  hence  the  probable  formula 
of  ferric  oxide  is  Fe^O,.  But  if  the  latter  formula  is  correct  it 
follows  that  2  atoms  of  chromium  are  replaced  from  one 
reacting  weight  of  the  oxide  Cr^O,  by  2  atoms  of  iron.  If  this 
conclusion  is  granted,  the  atomic  weight  of  iron  iS  55*9.  As 
the  specific  heat  of  iron  multiplied  into  55*9  gives  the  product 
6*4,  55*9  is  almost  certainly  the  true  atomic  weight  of  iron. 
Again,  the  formulae  of  potassium  perchlorate  and  permanga- 
nate were  at  one  time  written  KO .  CIO,  and  KO .  Mn,0^ 
Berzelius  proposed  the  formulae  KO .  CIO,  and  KO .  MnO,, 
which  on  the  system  of  notation  now  adopted  become  KCIO^ 
and  KMnO^  respectively;  these  formulae  represent  crystallo- 
graphically equivalent  quantities  of  the  two  salts;  if  it  is 
assumed  that  CI  (35*37)  represents  the  weight  of  the  atom  of 

^  See  note  i.  p.  70. 
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chlorine,  then  Mn  (55)  probably  represents  the  weight  of  the 
atom  of  manganese. 

Observations  of  crystalline  form  have  sometimes  led  the 
way  to  correct  determinations  of  atomic  weights,  or  to  changes 
in  the  received  values  of  such  weights.  Thus  H.  Rose'  gave 
the  name  of  hyponiobium  to  a  supposed  allotropic  form  of 
the  metal  niobium;  but  Marignac'  shewed  that  compounds 
of  the  hypothetical  metal  were  identical  in  crystalline  form 
with  certain  compounds  of  tin  and  titanium,  and  concluded 
that  Rose's  hyponiobium  was  itself  isomorphous  with  the 
atomic  groups  SnF  and  TiF,  and  was  therefore  probably  a 
compound.  Further  experiments  shewed  that  the  hypo- 
niobium of  Rose  was  really  composed  of  niobium  and  oxygen 
in  the  proportions  expressed  by  the  formula  NbO(Nb  =  94); 
now  if  it  was  admitted  that  the  groups  of  atoms  NbO,  SnF, 
and  TiF,  were  crystal lographically  equivalent,  it  followed, 
from  the  analyses  of  the  various  compounds,  that  one  atom 
of  tin  or  titanium  (ii7'8  or  48  parts  by  weight  respectively) 
was  replaced  by  94  parts  by  weight  of  niobium,  and  that  this 
number  therefore  represented  the  weight  of  the  atom  of 
niobium*. 

Again,  the  isomorphism  of  the  double  compound  of  gal- 
lium and  ammonium  sulphates  with  ordinary  ammonia-alum 
shewed  that  the  former  salt  was  a  true  alum  ;  hence  the 
formula  X^iSO,.  (NHJ,SO,.24H,0  was  applicable  to  the 
salt  in  question.  But  in  the  case  of  common  alum  X,  =  Al,= 
2  X  27-02 ;  and  in  the  case  of  gallium  alum  X,  =  1 38  :  hence,  as 
two  atoms  of  aluminium  were  replaced  by  1 38  parts  by  weight 
of  gallium,  it  followed  that  the  atomic  weight  of  gallium  was 
1^3  =  69.  This  number  was  confirmed  by  the  analysis  of 
gaseous  gallium  chloride. 

'  Pfgg.  Ahh.  108.  373. 

■  Atut.  ChiiH.  Phyt.  60.  1J7. 

*  Harignsc's   Conclusiims   were   arierw.inU  cnnrirnicii    liy  (Icifniiin. 

c  and  TroMl,  of  ihc  specific  gravity  of  ynscous  chloride  and  oiyehloridc  of 
:  sec  CtMfl.  rend.  89.  mi. 

I  retcaicha  on   the  nioniic  weight  uf  v«nBilium   afford   a 
e  euunple  of  llie  eniploymenl  uf  llie  icsnlts  of  ciysUllogniphic 
fixing  Blomic  wcijjlils,      I'kil,  TVam.  for  1SS8.  t.  tt  stq. 
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cts  of  which  an  outline  has  been  given  shew  th 
extended  and  precise  knowledge  of  the  connexioi 
rystalliiie   form  and   chemical   constitution    is  o 
It  method  for  determining  the  atomic  weights 
'hich  is  founded  on  these  connexions  can  be  applii 
tiv-ely  and  in  a  limited   number   of  cases.      Tl 
lay   however    now   be   of  considerable   service 

lines  of  research   bearing  on  the  problems  co 
1  atomic  weight  determinations, 
L.-ars  probable  that  the  crystalline  form  of  a  su 
onrcctcd  at  once  with  the  internal  structure  of  t 
of  the  substance  and  with  the  configuration  of  t' 
themselves.     No  attempt  has  been  made^  nor  c 
ent  state  of  knowledge  hopefully  be  made  in  ai 
roadest  manner,  to  apply  to  the  facts  of  crystall 
:  theory  of  the  molecular  structure  of  matter, 
attempts  have  been   made  to  determine   molecul 
y   <tthci-   physical   methods   than   the  three  alrea. 

HAPr.  §3Sl      PETEKMISATION   OF   ATOMIC   WTKillTS.        ^^ 

IQ  for  organic  compounds,  except  oxalic  acid  and  compound 

ammoniums; 
35  for  all  salts  of  monovalent  metals  with  monobasic  acids, 

e.g.  NaCl,    NaC.H.O,,    NaNO,; 

40  for  all  normal  salts  of  monovalent  metals  with  dibasic  acids, 

e.g.    (NH.),SO„    K.CO,.    K,CrO.; 


I 


When  benzene  was  the  solvent,  Raoult  found  the  values: — 


49  for   all   organic   compounds   except   acids,  alcohols,  and 

phenols ; 
25  for  the  lower  members  of  homologous  series  of  alcohols. 

Raoult  found  other  constant  values  when  other  solvents, 
e.g.  acetic  acid,  were  employed. 

If  the  value  of  J/ p  for  a  group  of  compounds  is  known,  it 

is  possible  to  find  the  formula-weight  of  a  member  of  the  group 
from  observations  of  the  coefficient  of  lowering  of  freezing 
point  of  that  compound.     Thus  to  take  the  case  of  ether. 

(i)    4"47  grams  of  ether  were  dissolved  in  100  grams 
of  water,  and  the  freezing  point  of  the  water  was  lowered  by 

1^*05;  hence -H=—^  =  ■23°.     But  the  value  of  M  ^  for  or- 
=  '  Z'     4-47        -^  P 

ganic  compounds  dissolved  in  water  is  19;  therefore  in  the 

present  case  M=  ;—  =  S2. 

(ii)  2721  grams  of  ether  dissolved  in  100  grams  of 
benzene  lowered  the  freezing  point  by  i°'826  ;  therefore  the 
1826 
2721 
for  the  class  of  compounds  of  which   ether  is  a   member,  it 


(iii)     The  coefficient  of  lowering  of  freezing  point  of 
Xtic  acid  for  ether  was  determined  to  be  '529". 


^  ^m^^^^^^^^M 
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imciits  had  shewn  that  ^  p=  39  for  all  ot^anica 
r^anic  compounds;  hence  in  the  present  case 

lean  nf  the  three  results  gives  tlie  value  76-6  for  i 
•eight  of  ether;  the  correct  value  is  74, 
method  is  of  wide  application  for  determining  1 
or  formula)  weights  of  compounds,  and  is  especia 
it  is  applicable  to  bodies  which  cannot  be  ga^f 
ecom  position. 

z  endeavoured  to  shew  that  the  most  trustwort 
or  determining    molecular   and  atomic  weights 
■jn  Avogadro's   law,  which   is  itself  an   outcome 
cation  of  dynamical  reasoning  to  a  physical  theo 
it   was  supposed    that    strictly   chemical    evidei 
if  paramount  importance  in  determining  these  qu: 
Ithniij^'h  the  superior  importance  of  Avogadro's  1 
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oxygen,  half  of  the  oxygen  coming  from  the  silver  oxide  and 
half  from  the  peroxide  ;  iodine  decomposes  barium  peroxide 
with  production  of  barium  iodide  and  oxygen.  These  re- 
actions were  thus  written  by  Brodie  (translating  into  the  new 
notation): — 

1(0    AgAgCici  +  Kk6=AgAgO  +  i^KClCl 
(2)    HT6,+sHT'=3fi,6+3lI 
(3)     fi,66+AgAgO  =  Hj6  +  AgA^+6o 
(4)    Ba00+tl=B*aTl+0O. 
That  part  of  Brodie's  hypothesis  which  supposed  a  polar 
condition  of  atoms  in  molecules  was  not  generally  adopted 
by  other  chemists,  but   it  was  admitted  that  his  researches 
established  a  general  similarity  of  function  and  composition 
between  elementary  and  compound  molecules. 

In  the  same  year  Williamson'  distinguished  between  the 
atom  of  zinc  in  combination,  and  the  free  metal  zinc  (that  is 
to  say,  he  recognised  that  the  atom  of  an  element  is  not 
possessed  of  the  same  properties  as  the  molecule  of  that 
element) :  he  said  it  is  not  quite  accurate  to  speak  of  '  zinc  ' 
as  existing  in  zinc  sulphate. 

Recf^nising  then  that  chemical  reactions  took  place  be- 
tween molecules,  chemists  defined  the  molecule  as  the  smallest 
part   of  a   substance  capable   of  taking  part   in  a  chemical 
change,  or  as  the  acting  chemical  unit.    Supposing  the  atomic 
weights  of  the  elements  forming  a  compound  to  be  known, 
the  best  method  of  determining  the  molecular  weight  of  the 
rMin[>ound  appeared  to  be  to  find  that  formula  which  should 
-  iiress    the    atomic   composition    in    the  simplest   manner, 
:  luis  ammonia  is  formed   by  the  combination  of  hydrogen 
il  nitrogen  in  the  proportion  of  3  parts  by  weight  of  the 
rrncT  lo  14  of  the  latter;  assuming  the  atomic  weights  of 
,C3C  elements  to  be  1  and  14  respectively,  the  atomic  com- 
sition  of  ammonia  may  be  represented  by  the  formuIaNM,. 
-   the  reactions  in  which  this  substance  takes  part  might 
-,;i  Iw  represented  as  involving  17.  or  a  whole  multiple  of  17, 


1 
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.\cit,'iit  of  tliis  compound,  and  moreover  as  hydr 
removed   from   ly  parts  by  weight  of  ammoni 
irntc  and  equal  parts  by  chemical  reactions,  17 
3c  the  molecular  weight  of  ammonia, 
istriictivc   illustration    of  this    method    of  fixii 

molecular   weight    is  furnished   by   William! 
searches  on  ethers '.     The  formul.T  generally  ado 
on  alcohol  and  ether,  previous  to  Williamson's  v 
p,^andC.H,0  respectively  (C  =6;  0=8).     Will 
::d  ethylic  iodide  to  react  on  potassium  alcoho 

that  cthylatcd  alcohol  would  be  produced— 
+  C,HJ   should  give    C,H,{C,H,)0,+  KI— but 
as  ordinary-  ether.    If  the  generally  accepted  fon 
were  doubled  the  reaction  would  be  explained, 
.lid   be   regarded    as  an    oxide  of  ethyl    (C.H.: 
'illiainson  found  that  when  sulphuric  acid   act.' 
-nlml,  and  nielhylic  alcohol  is  added  to  the  mist 
ub-^lance  hnvin^f  the  pro]icTtics  of  an  ether,  and 

WAP.  I.  §36]  ATOMIC   WEIGHTH. 

(arts — with  production  of  KHS  and  KKS — hence  the  n 
wlar  formula  is  not  less  than  H,S.  But  compounds  of  selenion 
md  "tellurium  with  hydrogen,  analogous  in  general  properties 
o  sulphuretted  hydrogen,  are  known;  from  the  marked 
limilarity  between  tliese  two  elements  and  sulphur  it  is  very 
>robabIc  that  the  molecular  formula;  of  the  two  compounds 
n  question  are  H,Se  and  H,Te  respectively;  as  these  formula 
ntisfy  the  analytical  numbers,  they  may  be  adopted.  The 
limplcst  formula  that  can  be  given  to  acetic  acid— con- 
Mstently  with  the  values  H  =  i,  C  =  12,  and  O  =  16— is  CH,0. 
But  if  this  acid  is  neutralised  by  soda  and  the  sodium  salt 
liug  produced  is  analysed,  it  is  found  that  this  salt  contains 
c  atom  of  sodium  (the  atomic  weight  of  sodium  is  assumed 

>  be  known,  =23)  in  combination  with  three-fourths  of  the 
quantity  of  hydrogen  present  in  the  original  acid,  the  quan- 
fities  of  carbon  and  oxygen  being  unchanged.  Hence,  it  is 
irgued,  one  fourth  of  the  total  hydrogen  of  the  acid  has  been 

placed  by  sodium  ;  but  not  less  than  one  atom  of  hydrogen 
[or  another  element)  can  be  removed  from  a  molecule  ;  hence, 
IS  one  atom  of  hydrogen  out  of  four  atoms  has  been  replaced 
^  sodium,  it  follows  that  the  molecule  of  acetic  acid  contains 
It  least  four  atoms  of  hydrogen.  But,  in  order  to  express 
liis  conclusion,  the  formula  of  the  acid  must  be  written 
C,H,0, ;   and   therefore  the  minimum   molecular   weight   of 

artic  acid  is  60.  This  conclusion  is  confirmed  by  the  pre- 
paration of  thiacetic  acid,  which  is  composed  of  16  parts  by 

eight  of  oxygen  (i.e.  one  atom)  less  than  enters  into  the 
composition  of  acetic  acid,  the  quantities  of  carbon  and 
l^drogcn  remaining  the  same,  and  32  parts  by  weight  of 
nilphur.  Now  if  the  atomic  weight  of  sulphur  is  known  to 
ic  32,  it  follows  that  the  minimum  molecular  weight  of  acetic 
ictd  is  expressed  by  the  formula  C,H,0,,  and  that  of  thiacetic 
Idd  by  the  formula  C.H.OS. 

The  formula  for  water  was  once  written  HO.  If  potas- 
^um  is  thrown  on  to  water  hydrogen  is  evolved,  and  the 
solid  product  of  the  reaction  is  a  white  salt  whose  compo* 
sition   may   be  expressed   by  the  formula   H0.K0(0  =  8). 

Bthiji  substance  is  undecomposed  by  heat,  and  it  cxl 
|0f  i'  ■              '          "hich    a   compoiim 
L        


^QHJH 
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vide  might  be  expected  to  possess,  nevertheless 
d  of  hydrogen,  oxygen,  and  potassium  ;  when  it 
potassium,  hydrogen   is  evolved   and    potassii 
ains.     The  oxygen  of  this  compound  cannot 
n    parts.     If   the   molecular   formula   of  water 
P(0=i6)   these  facts  are  explained;   the  wh 
becomes  KOH,  and  this  formula — as  the  minimi 

formula   of   the  compound — is  confirmed    by  t 
Dgies  which  exist  between  the  properties  of  tl 
those  of  alcohol,  the  molecular  formula  of  whi 
letermined  to  be  (C,HJ  OH.     If  steam  reacts  w; 
■  bromine  o.xygen  is  evolved,  and  a  compound 
md  chlorine  (or  bromine)  is  produced,  the  simpb 
r  which  is  HCl  (or  HlJr);  no  compound  of  oxygi 
and  chlorine  (or  bromine)  is  formed  and  oxygen 
iniL-  evolved.     Hence,  it  is  argued,  the  hydrogen 
lie  of  water  is  divisible  in  chemical  changes  ir 

hm  the  oxy.::;en   {.■^   not  divisible,  and   hence,  t 
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arc  knnwn,  interacts  with  chlorine  to  form  Fe,CI„.  &c. ;  hence 
this  formula  represents  the  minimum  molecular  weight  of 
ferric  oxide.  But  similar  reasoning  leads  to  As,0,  as  the 
minimum  molecular  formula  of  arsenious  oxide;  now  we 
know  that  the  gaseous  oxide  has  a  molecular  weight  ex- 
pressed by  the  formula  As,0,.  Hence  the  method  of  ana- 
logies does  not  always  lead  to  the  adoption  of  the  true 
molecular  weight  of  a  compound. 

It  should  be  noted  here  however  that  by  '  the  true  mole- 
cular weight'  is  meant  the  relative  weight  of  the  gaseous 
molecule;  but  the  chemical  methods  for  finding  molecular 
weights  only  profess  to  determine  the  relative  weights  of  the 
chemically  reacting  units  of  bodies. 

Sometimes  the  method  of  analogies  becomes  very  indirect. 
Thus,  ferric  chloride  has  been  gasified  and  the  molecular  for- 
mula of  this  compound  is  known  (o  be  FCjCl^:  the  simplest 
formula  that  can  be  given  to  ferrous  chloride  is  FeCI^;  is 
this,  or  a  multiple  of  this,  to  be  adopted  as  the  molecular 
formula  of  ferrous  chloride?  Ferric  chloride  is  produced  by 
the  action  of  chlorine  on  ferrous  chloride;  now  the  general 
action  of  chlorine  is  either  to  add  itself  on  to  other  molecules, 
or  to  decompose  molecules  and  then  substitute  itself  for  some 
one  or  more  of  the  atoms  formerly  constituting  these  mole- 
cules. If  ferrous  chloride  is  FeCI,,  the  action  of  chlorine  on  this 
molecule  is  represented  by  the  equation  2FeCl, +  CI,  =  Fe,Cl^; 
hut  such  a  reaction  as  this  does  not  often  occur.  If  ferrous 
liioride  is  Fe,Cl,,  the  action  of  chlorine  is  represented  by 
ilic  equation  Fe,Cl, -I- CI,  =  Fe,Cl„  and  this  reaction   is  ana- 

■  gous  to  other  actions  of  chlorine ;  hence  the  molecular  for- 
luila  of  ferrous  chloride'  is  probably  not  smaller  than  Fe,Clj. 

The  chemical  method  of  determining  minimum  molecular 
wciglits,  as  applied  to  acids  and  bases,  generally  resolves  itself 
into  determining  the  basicity  of  the  acid,  or  the  acidity  of  the 
base.  Thus,  the  results  of  analyses  of  sulphuric  acid  are 
satisfied  by  the  formula  Hj.S,Ou ;  the  fact  that  this  acid  is 


V.  Mcjrei  biisoblttinedr«iil<srq;arJinEllieva])ourilensiiy  of  ferrous  eliloridc 
him  tu  point  to  the  conclusici  ilral.  like  stiiinuus  chlnrMci  ihi; 
ind  pMfCMd  two  moleculai  weJEhls  expressed  respectively  by  the  fuimuIiE 
M<t  Fr|CI<;  Brr.  14.  ■« jjj  jr.  ijuj. 
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s  with   a   fair   degree   of  certainty  to   the  < 

jr=  I.  and  that  the   molecular  formula'  of 

i  therefore  H,SOj.     The  simplest  formula  wl 

'cn  to  citric  acid  consistently  with  analytical  res; 

■  atomic  weights  C  =  1 3,  O  =  1 6,  H  =  i ,  is  C,H 

molecular  formula'  is  probably  not  greater  than 

by  the   tribasic   character   of  the   acid.     Rea; 

vady  given  for  adopting  NH^  as  the  true  m 

puila  of  ammonia  ;  analysis  shews  that  the  alka 

nnot  have  a  smaller   molecular  weight   than 

J   by  the  formula  C„H„NO  (C=  I2,  H  =  I,  N  = 

■  but  the  quantity  of  this  alkaloid  which  neutral 

'lint  of  hydrochloric  acid  which   is   neutralised 

'u,ll„NO;    therefore   the   molecular    formula' 

■obably  not  less  than  C^H^N^O,. 

iL'thod  may  also  be  applied  tn  determine  the  form 

Thus  if  sulphuric  acid  has  the  molecular  form 

ccule  of  sodium  sulphntc  is  probably  rf 
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formul.t   was   doubled.      Similar    reasoning   applied    to   the 

fommla  of  nitric  oxide  would  require  this  to  be  written  N,0, ; 

but  we  know  that  the  molecular  formula  of  this  compound 

ib  NO  ;  hence  Gerhardt's  'law'  must  be  applied  with  care', 

I         The  chemical   methods  for  determining  reacting  weights 

and  atomic  weights  differ  in  two  main  particulars  from  the 

lysical  method  for  determining  molecular  and  atomic  weights 

Uch  is  based  on  the  molecular  theory. 

I  The  chemical  methods  as  a  class  do  not  attempt  to 
■tinguish  between  solids,  liquids,  and  gases;  so  far  as 
;  application  of  these  methods  is  concerned  the  reacting 
Bight  of  a  solid,  liquid,  or  gaseous,  substance  is  the  smallest 
I  of  that  substance  which  takes  part  in  a  chemical  re- 
n:  the  physical  method  for  finding  molecular  weights  is 
Uy  applicable  only  to  gases  ;  but  the  terms  in  which  the 
lysical  definition  of  molecule  is  stated  are  much  more 
■cisc  than  those  which  describe  the  chemical  conception 
■"reacting  weight. 

I  The  chemical   methods  sometimes  attempt  to  determine 
[  atomic  weights  of  the  elements  which  form  a  specified 
npound,  and  from  these  and  other  data  to  deduce  the  re- 
nng   weight   of    the   compound ;    sometimes   the   reacting 
Ight  of  the  compound  is  first  determined,  and  then  de- 
letions  are   drawn    regarding   the   atomic    weights   of   the 
istitucnt  elements.     The  physical   method,  on   the  other 
bd,  begins  by  defining  molecule,  and  then,  applying  this 
ifinition   to   chemical    reactions,  arrives   at  a  definition  of 
bm,  both  definitions  being  so  stated  as  to  indicate  the  data 
Rich  arc  required  before  the  relative  weights  of  either  atoms 
Of  molecules  can  be  determined. 
g        In  the  following  table  I  have  sought  to  summarise  many 
facts  concerning  the  atomic  weights  of  the  elements:  it  is  well 
t  the  student  should  have  placed  before  him  a  synopsis  of 
e  evidence  on  which  these  all-important  numbers  are  based. 

■  For  funher  «xunpl«>  c>r  the  applicalion  ol  chemical  melhals  to  dclcrminn- 
H-eighU  tec  Walls"* /«t/.  (ni  Ed.)  vol.  1.  ji|'.  4J7— S 
■ItalM  WiUiwnson  'On  the  Atomic  Theor]-,'  C.  S.  ynimaJ,  ta.  jtS. 
(f  Ihit  Hook,  TAt  Pfritxiif  f.mi: 


rwmrrmtt* 


HYDROGEN 

LITHIUM 
BERYLLIUM 
BORON 
CARBON 

NITROGEN 

OXYGEN 

FLUORINE 

SODIUM 

MAGNESIUM 

ALUMINIUM 

SILICON 

PHOSPHORUS 

SULPHUR 

CHLORINE 


HF,  HCl,  HBr,  HI. 
H«S,  HaSc,  H|Te, 
H,N,  H,P,  H4C  &c 


none 


BcBr,,  BeClg 


BBr, 


BF,,        BCl,. 

B(CH,), 
CH«,  CH,F,  CH.Cl, 
CH,Br,  CH.I,  CHCU 
CO.C0..C0CI„COS, 
CSJ,    CHN.    C,H,0, 

C4H.QO,  &c. 

NH„  NO,  NO,,  NOCl, 
N,0.  N,04,  &C. 


OH,,  ON.,  OC.  OCI.P, 
0,C,  0,§,  0,S,  040«, 
&c 

FH.  F(CH,).  F,B,  F4Si, 

F,P,  &c. 
none 

none 


AlCl,,  Al,Br„  A1,I, 


SiF4.  SiCU,  SiL, 
SKCH,)4,  SiH,cl. 
SijOCI,,  Si,0(CH 


indirectly  [from  sp.  h 

NH^CI.  NH4N5,] 

[atomic  heat  abnorau 

directly 

directly:  sp.  heat  t, 
with  temperature 

directly:  ftp.  heat  vi 
with  temperature 

directly:  sp.  heat  vi 
with  temperature 


indirectly :  very  undec 
[from   sp.  ht.   of   var 
pounds] 

indirectly :  very  undec 
[from   sp.  ht.  of  varu 
pounds] 

indirectly :  very  undect< 
[from  sp.  ht.  of  CaF„  & 
directly 

directly 


pA     PCI,.     Pl„     r^ 

POCl,.    PSCl,,    P,I 
P.H.,  P,N,C1,.  &c. 
SHj^  so,,  SO,,  SOCl, 


CIH,     CKCH,).     CITI. 


directly 


directly:    sp.    ht    vart 
with  temperature 

directly 


directly 
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Cemfomtdi  anatytetl,  6'r. 
itt  erder  iofind  rombiuiitg    ComtiniHg 
uieighl  ef  Ihf  eltmem        I     loeishl 

|S«  no«  B,  p.  ffi.J 


>  LiihiuiB  dikaide 
■  BciylGiun  uilphiK 
'  Bonui,  boroDch]Dnd« 
'  Diuiuad  burnt  lo  CO, 


.        I  iSijdium     duande,     patuiiun 

I        fluuride.  calchiB  fluortdv 
23  *  Sodium  -chlnridc 

thU™ie.  lyotliou  of  niaa- 

I        bromidt.  wtuiiao  of  alumin- 
rtj        )  "SilicMchlmid*;  demmpDniiinii 

II  oB  "  Srnihtiu  of  (Htct  ulptiide, 
nductiDn  of  >llHr  vi\fiitxe 
Iqr  bjnliofea 

^<  PdUlujudi  chlonUj  lynlhetii 

jf-o,      I  "  Pouuiua  chloride,  do.  bro' 


.*!.  , 


l4-6e       I  Sc.     Tht  »«.iric  wtijht  of  lhi>  : 

I     ii  nou  probibly  ■4'^X)^44'< 

11  ih»  i>  M.  Ibc  o>>d<  »  %:>0„  I 

uulogoui  with  Ihe  oiido  "I 


Vurl  .      ...      Compounds  anatysed,  &-c. 


"  Sjntihoii     of 


brucitic-iiickcl  cyahide,  Sc 

anide.  ilrydiame   Bud  bni- 

<  RaducllUQ   of  copper  <] 
clccmiynt    of    copper 


Ic  uiHluguux  to  Ihoke  of  lb 


•9-S7         yt,    Awmie  wiighi  prnhably 
«3-8|C6  became  of  »H«loBf 


21. 


RHODIUM 

RUTHENIUM 

PALLADIUM 

SILVER 

CADMIUM 
INDIUM 
TIN 
ANTIMONY 

TELLURIUM 

IODINE 
CiESIUM 

BARIUM 

LANTHANUM 
CERIUM 
DIDYMIUM 
ERBIUM 


none 

none 
none 
AgCl 


CdBr, 

InCl, 

SnCI»  SnO*,  Sn.CI* 

SbCI,,      Sbl,.      SbBr, 
Sb(CH,)„  Sb,0, 

TeH„  TeCl*.  TeCI, 


IH,  la.  I(CHO,  I.P^. 

I.Hg.  l,P,  uKs,  I4SI; 

leAlg,  &c 
CsCI.  Csl 


none 

none 
none 
none 
none 


directly 

directly 
directly 
directly 

directly 
directly 
directly 
directly 

directly 
directly 


indirectly :  doubtful  ^ 
[comparison  of  specific  h 

compounds  with  those  01 

alkali  metals] 
indirectly:  doubtful 
[comparison  of  specific  h 

compounds  of  Ca,  Sr,  an 
directly 

directly 

directly 

sp.   heats  of  a  few  comor 
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Compvands  analysfd.  &'c. 

in  erder  to  find  combining 

■axighl  oftht  ilcmtnt 


f »  PuTpurco-  rlmUus)  cUoro-  ip  A 
'^  pDB»ii(in-»lhenium  chloride 
"  i^Ltadivni  chtoride 


m  lUlphalcBDd  of  cop- 


■  Dtrinoi  chloKiIe 

■  LAirthuium  niplute.  da-  oji 


"■  VHerlium  nlpliMi 

Afttmofuitqi^unuliim  Aiwrif 
ftnatyUtof  tung^t^n  ticuchl 

"  PeuMinm-iriilium  tWotido 

"  OHHum  varaitAv 

**  PpUHdin-Dl'linuni  chlnric 
baaidc,  &c. 


tndic  weifhi  probaUy  tt4 
ulu  of  Ba,  Sr,  and  Ca.         ^ 


Er.    This  I 


ill  renrtlcd  ik  3  time 
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Atomic  Weights  of  the  Elements, 


Element 


II 


Principal  compounds^ 

vapour  densities  of 

which  have  been 

determined 


III 


IV 


Specific  heat: 
how  determine 


Isomorphism : 
compounds  compared 


[See  note  A,  p.  93.) 


GOLD 

MERCURY 
THALLIUM 

LEAD 

BISMUTH 

THORIUM 
URANIUM 


none 


[HgCI]    Hga„    Hgl„ 


% 


TIC 


g(CHs)^ 


&c. 


PbClg,  Pb(CHO« 
BiCl, 

Tha* 
UCI4,  UBr4 


directly 

directly 
directly 

directly 
directly 

directly 
directly 


some  Au  compoonds  vidi  dboie 

Ag,  a  few  Au  compooads  v 

those  of  Ni  and  Fe 
He  and  Cu  compounds  of  tj 

RO 
Tl  compotmds  with  tbose  of  '. 

of  type  RCV  Tl  conpooadi 

type  TlCl  with  those  of  aft 

metals 
some  Pb  with  Tl  compounds,  an 

Pb  with  Cu  and  Hg  coaipaaii 
Bi  compounds  with  those  of  . 

and  So 

ThO,  with  SiO,  TiO,  SnO,  a 

ZrO, 
some  compounds  of  type  U|i 

with  those  of  AU  Cr,  Mn.  ai 

Fe 


Notes  to  Table  of  Atomic  Weights. 

A.  As  the  method  based  on  isomorphism  of  compounds  is  chiefly  used  as 
a  means  of  verifying  values  assigned  to  atomic  weights  by  other  methods,  no 
numbers  are  given  in  column  iv.,  but  merely  an  indication  of  the  various  com- 
pounds which  have  been  compared  crystallographically,  and  on  which  arguments 
for  or  against  a  given  value  for  the  atomic  weights  in  column  v.  have  been,  or 
may  be,  based. 

B.  This  column  (vi.)  is  not  to  be  regarded  as  containing  an3rthing  like  1 
complete  summary  of  the  processes  employed  for  determining  the  combining 
numbers  of  the  elements ;  only  the  more  important  processes  are  indicated  ;— 
references  are  given  to  the  original  papers.  References  to  the  papers  on  the 
spec,  heats  of  the  elements  will  be  found  on  pp.  53—54. 

A  complete  account  of  all  researches  on  this  subject  will  be  found  in  A  Re- 
calculation of  the  Atomic  Weights^  by  F.  W.  Clarke  [Part  v.  of  the  Constants  of 
Nature  published  by  the  Smithsonian  Institution],  and  also  in  Die  Atomgewiektt 
der  Elemente^  by  L.  Meyer  and  K.  Seubert  [Leipzig,  1883]. 

C.  When  the  atomic  weight  given  in  column  v.  section  (1)  is  a  multiple  of 
the  combining  number  in  column  vii.,  no  number  being  given  in  section  (i)  of 
column  v.,  it  is  to  be  inferred  that,  besides  the  argument  drawn  from  the  value 
of  the  specific  heat  of  the  element  in  question,  there  are  other  chemical  reasons 
for  adopting  the  special  multiple  which  appears  in  v.  (1).  These  reasons  may  be 
broadly  described  as  based  on  analogies  between  salts  of  the  given  element  and 
salts  of  other  elements  the  atomic  weights  of  which  have  been  established  br  te 
two  leading  physical  methods* 
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1    >H  onitT  to  find  cominning 
arighl  oflht  tlemau 

■might 

k4m.irks 

ISeenoteAp.>p.J 

[See  note  C,  p.  9..] 

••  Mercuric  cUoride,  do.  oiide 

«s-** 

»j(i4 

i 

"Sywhe.«  of  1e.d  «ii.TUe,  do. 

1        duiid.  ^ 
"  Thorium  Kilphate 

L 

Riftrcntcs  la  Table  of  Atomic   IVeighls. 
'  Li.    J.   W,  Mallet,  Sill.  Amtr.  ybumal  (i)  33.  349.     Stas,   Nouvellis 
Rtthtrthti,  pp.  16B  and  174. 

'  Be.     NiLSON  and  Pbttebsson,  Ber,  13.  1451. 

*  B.    Bekzelius,  Fogg.  Ahh,  S.  119.   Dbville,  Whn.  Chim.Fhys.(^K.  iSo, 
'  C.     Dumas  and   Stas,  Ann.    Ckim.   Fkys.    (3)    1.    5.     Errmann    and 

MakCHAND.  ^./nr/rinb.  Ckemie.  33.  159.     ROSCOE,  Comfl.  rend.  M.  iiSo. 

*  jV.     Stas,  RappoHs,  pp.  50,  87,  gi;  and  Nouvellii  Heehtrcka,  pp.  57.  i8r. 

*  O.  Ekdjiann  and  Makchand,  J.  fiir  prakt.  Chemie,  36.  468.  Dumas, 
Ann.  Ckim.  Phyi.  (3)  S.  i8g.  Keiser,  Ber.  30.  1313.  Cookb  and  Kichahds, 
/Vn-.  Aner.  Acad.  efArti  and  Sci.  33.  149. 

T  /;  LOUVET,  Ana.  Chim.  Pkys.  (3)  SO.  191.  Dumas,  do.  (3)  M.  170. 
Db  Ldca,  Ctmpt.  rend.  BL  199. 

*  A'a.  Prlouib,  Campl.  rend.  SO.  1050.  DuMAS,  Ann.  Chim.  Phyi.  (3)  M. 
181.     Stas,  Jtupferts,  p.  78;  and  Nomvll/i  Recherche!,  p.  348, 

*  Afr.  JACQVBLAIN,  -inn.  Ckim.  Pkys.  (3)  33.  ]Oi.  I)AHR,  J.  fur  prakl. 
CAnvv,  Be.  310.  Di;uAs, 'iNn-C/kwf.  /'A^/,  (3)  SB.  1S7.  Marignac,  Arckiv. 
ScieK.  Phyi.  Hat.  (3)  10.  s,  193. 

»  yf/.    J.  W.  Mallet,  /"Ai/.  TVowi. /«■  1880.  1003  ct  itq. 

■>  JJ.  V^UiVli..C»'nfl.  ren.i.n.  lOji.  DITMAS.  ,*hm.  Wi'm. /'(i>'x.  (3)80. 1S3. 
J.  ScaiSL,  Annalcti,  130.  94.    TiloRfE  and  VOUMC,  C.  J-  Jontna!,  81.  576. 

W  /*.      PKLOUXE,  Cemfl.  rend.  30.  1053.     SckrCttbh,  WaH.  Citim.  Fkyi.  (3) 
M.  Ijl.    Dumas,  Ann.  Ckim.  Phys.  (3)  68.  171. 
Stas.  Rapperli,  p.  £3. 
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^*  CI,     Stas,  Rapports^  pp.  38,  41,  44,  118;  and  NoutfeUa  Rechercfus^  p.  208. 

**  K.     Stas,  Rapports y  pp.  69;  91,  118;  and  NouveUes  Recherches^  p.  244. 

^^  Ca,  Berzelius,  Pogg,  Ann,  8.  189.  Dumas,  Ann.  Chim.  Phys.  (3)  66. 
190.  Erdmann  and  MARCHAND,^ff/ia/fM,  44. 116:  62. 110:  76.  219.  Salv£tal, 
Compt,  rend.  17.  318. 

1'  Sc.    NiLSON,  Ber.  18.  1439. 

"  TV.  H.  Rose,  Pogg.  Ann.  16.  145.  J.  Pibrre,  Ann.  Chim.  Phys.  (3)  90. 
257.  Thorpe,  Ber.  16.  3014;  and  (in  fiill)  C.  S.  Journal^  Trmiis.  for  1886. 
108. 

*»   V.     ROSCOE,  Phil.  Trans,  for  1868.  8,  13. 

*^  Cr.    E.  Peligot.  ^««.  C/4i»«.  Phys.  (3)  12.  528.    Berlin,  Annalen^  66. 
207:  60.  108  ei  seq.     F.  Kessler,  /V^-  ^^***  W*  ^"«     Siewert,  Zeitschrift 
fiir  die  gesammten  Naturwissenschafien,  17.  53©. 

21  i1/«.  Dumas,  ^««.  Chim.  Phys.  (3)  66.  150.  Schneider,  Pogg.  Ann. 
107.  605 :  Id.  Annaien,  118.  78.  Dewar  and  ScOTT,  Proc.  R.  S.  S6.  44. 
Marignac,  Archiv.  Scien.  Phys.  not.  (3)  10.  5,  193. 

^  Fe.  Berzelius,  Annalen,  60.  432.  Erdmann  and  Marchand,  Anna/nt, 
62.  212.    L.  E.  RivoT,  Annalen^  78.  214.    DUMAS,  Ann.  Chim.  Phys  (3)  66.  157. 

^  Ni.  DUMAS,  Ann.  Chim.  Phys.  (3)  66.  149.  RusSELL,  C.  S.  Journal  (i) 
1.  51:7.  294.  SoMARUGA,  Fresenius*s  Zeitschr.  6.  347.  R.  H.  Lee,  Ber.  4.  789. 
Baubigny,  Compt.  rettd.  97.  951. 

"  Co.     Wesei^ky,  Ber.  2.  592.    R.  H.  Lee,  Ber.  4.  789.    Russell,  loc.  at. 

2*  Cu.  Berzelius,  Pogg.  Ann.  8.  182.  Erdmann  and  Marchand,  J.  fir 
prakt,  Chemie^  81.  391.  W.  Hampe,  Fresenius's  Zeitschr.  13.  352.  Baubigny, 
Compt.  rend.  97.  906.     RiCHARDS,  Proc.  Amer.  Acad.  23.  177. 

^•^  Zn.  Gay-Lussac  and  Thenard,  Gilberfs  Annalen^  37.  460.  Berzelius, 
P^S^'  Ann.  8.  184.  Erdmann,  Berzelius*s  Lehrbuch^  (5th  ed.)  3.  1219.  P.  A. 
Favre,  Ann.  Chim.  Phys.  (3)  10.  163.  MarignAC,  Archiv.  Scien.  Phys.  nat. 
(3)  10.  5,  193.     Reynolds  and  Ramsay,  C.  S.  Journal^  Ttaiui.  for  1887.    854. 

'^  Ga.    LiiCOQ  DE  BoiSBAUDRAN,  Compt.  rend.  86.  941. 

•-^^  Ge.    Winkler,  J.ftirprakt.  Chemie,  (2)  84.  177. 

'^  As.  W.  Wallace,  Phil.  Mag.  (4)  18.  279.  Dumas,  Ann.  Chim.  Phys.^ 
(3)  66.  174.    F.  Kessler,  P(^gg»  Ann,  95.  204. 

'^  Se.     Pettersson  and  Ekman,  Ber.  9.  12 10. 

^  Br.     Stas,  Nottvelles  Recherthesy  pp.  158,  170  and  199. 

3'  Rb.  BuNSEN,*  Pogg.  Ann.  118.  339.  PicCARD,  J.  fiir  prakt.  Chemicy 
86.  453.     Godeffroy,  Annaleny  181.  189. 

^  Sr.    Marignac, /if /{//a/e7f,  106.  168.   Dumas,  Ann.  Chim.  Phys.  {^)  SB.  191. 

•^   Yt.     Cleve,  Ber.  6.  1467.     Rammelsberg,  Ber.  9.  1580. 

^  Zr.  Hermann,  J.fiirprcLkt.  Chemie^  81.  77.  Marignac,  Ann.  Chim. 
Phys.  (3)  60.  257. 

'^  Nb.    Marignac,  Freseniuis  Zeitschr.  6.  480. 

3*  Mo.     P.  Liechti  and  B.  Kempe,  Antmlen,  169.  344. 

^7  Rh.     Berzelius,  Pogg.  Ann.  18.  437. 

^"»  Rh.    JoRGENSEN,  J .  fUr pTokt.  Chemie{m)  27.  433. 

*«  Ru.    Claus,  Pogg.  Ann.  68.  218. 

^  Pd,    Berzelius,  P^,  Ann,  18.  443. 

^  Ag.  Stas,  Rapports^  pp.  38,  42,  44;  and  Nouvelles  Rtehtrchts^  pp.  ig^ 
158,  171,  189,  193,  208. 
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CHAPTER  II. 


ATOMIC   AND   MOLECULAR   SYSTEMS. 


Section   I.     Nascent  Actions. 

9  We  have  now  gained  the  conception  of  chemical  change 
as  consisting  in  the  interaction  of  molecults,  or  atomic 
aggregates.  The  molecules  are  sometimes  shattered  into 
parts  which  rearrange  themselves  to  form  ne^v  molecule^ 
or  aggregates  of  atoms ;  sometimes  new  and  more  complex 
molecules  are  formed  by  the  coalescence  or  combination  ol 
less  complex  molecules. 

We  have  then  to  examine  the  properties  which  the  atoms 
of  elements,  and  the  molecules,  or  the  atomic  aggregates,  ol 
elements  and  compounds,  exhibit  in  tlieir  mutual  actions  ami 
reactions. 

Can  a  distinction  be  based  on  chemical  facts  between  the 
atoms  and  the  molecules  of  elements  ? 

What  are  the  chemical  properties  of  the  atoms,  as  dis- 
tinguished from  the  molecules,  of  elements? 

When  answers  have  been  found  to  these  questions,  it  » 
then  be  necessary  to  e.vamine  the  relations  between  t 
properties  of  molecules  and  the  properties  of  the  atoms  whid 
compose  them. 

Brodie  applied  his  hypothesis  regarding  the  strucU* 
of  elementary  molecules  (see  ante,  p.  78.  par.  36)  to  expUfli^ 
number  of  phenomena  generally  grouped  together  under  tin 
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name  nasant  actions.     That  explanation,  somewhat  simplified^ 
and  also  developed  by  subsequent  research,  is  usually  regarded! 
as  the  most  satisfactory  that  can  be  given  in  the  present  state 
of  knowledge,  when  regard  is  paid  to  the  configurations  < 
tlic  systems  exhibiting  tlie  phenomena  in  question. 

When  hydrogen  is  passed  into  water  containing  silvt 
chloride  in  suspension  no  chemical  change  occurs; 
hydrogen  is  generated  in  the  vessel  which  contains  the  silvei 
chloride  decomposition  of  this  salt  proceeds  rapidly  with  pro- 
duction of  silver  and  hydrochloric  acid.  Nitrobenzene  is  con- 
verted into  aniline  by  the  action  of  hydrogen  produced  in 
contact  with  it,  but  not  by  hydrogen  produced  in  another 
vessel  and  conducted  into  that  containing  the  nitrobenzene. 
Carbon,  hydrogen,  and  nitrogen  do  not  combine  directly; 
but  if  electric  sparks  are  passed  through  a  mixture  of  benzene 
vapour  and  nitrogen,  hydrocyanic  acid  is  produced.  Sulphur 
dioxide  and  water  when  heated  with  oxygen  are  only  very 
partially  changed  into  sulphuric  acid;  but  if  the  oxygen  is 
produced  in  contact  with  the  moist  dioxide  (e.g.  by  decompo-J 
liiion  of  nitrogen  trioxide)  the  change  into  sulphuric  acid  11 
rapidly  completed.  Sulphur  is  not  oxidised  to  sulphuric  acid 
by  bromine  in  presence  of  water;  but  if  the  sulphur  is  pro- 
duced from  a  compound  in  presence  of  bromine  water,  it  is 
11  oxidised,  e.g.  sulphuretted  hydrogen  passed  into  bromine  J 

.Iter   gives    hydrobromic    acid    and  sulphur,  and  also  sul--! 

■I uric   acid.      Metallic  chlorides   {e.g,   aluminium  chloride)! 

;  ■  'duced  by  the  action  of  metals  with  chlorine  only  at  very! 
:h  temperatures,  and  in  small  quantities  for  a  given  tims  1 
.iction,  arc  sometimes  much  more  easily  prepared  by  thel 
lion  of  chlorine  on  a  mixture  of  the  metallic  oxide  andl 

'  I  L)on.     The  general  reaction  of  metals  with  dilute  cold  sul-j 
|Fiiuric  acid   is  to  produce  a  sulphate  and  evolve  hydrogen,  ' 
but  with  nitric  acid  to  produce  a  nitrate  and  evolve  oxides  of 
nitrogen,  nitri^en,  or  ammonia;  many  metals  when  heated 

iih  concentrated  sulphuric  acid  evolve  sulphur  dioxide,  either 
nc,  or  in  some  cases  mixed  with  hydrogen  and  sulphuretted 
, ,  J  lirogea 

■  These  phenomena,  and  many  others  of  tl'       1 


i 
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find  a  partial  explanation  in  terms  of  the  molecular  theory, 
that  explanation  being  based  on  the  distinction,  already  in- 
sisted on.  between  molecules  and  atoms.  Any  mass  of  a 
gaseous  element  under  ordinary  conditions  is  built  up  of 
molecules,  but  if  we  assume  that  when  a  compound  molecule 
undergoes  decomposition  a  short  but  appreciable  time  elapses 
before  the  greater  number  of  the  elementary  atoms  which 
composed  it  have  rearranged  themselves  to  form  new  mole- 
cules, we  have  the  materials  for  a  fairly  satisfactory  explana- 
tion, from  one  point  of  view,  of  the  phenomena  of  nascent 
actions.  This  explanation  does  not  necessitate,  as  some  of 
its  opponents  say  it  does,  the  assumption  of  strange  and  in- 
explicable properties  as  belonging  to  the  elementary  atoms. 
Indeed  the  occurrence  of  the  phenomena  of  '  nascent  action' 
seems  to  follow  as  a  necessary  deduction  from  the  molecular 
theory  applied  to  chemical  phenomena.  When  a  chemical 
reaction  occurs  between  two  molecules,  the  first  step  in  that 
process  must  in  very  many  cases  consist  in  a  breaking  up  of 
the  molecular  structures,  and  the  second,  in  a  rearrangement 
of  the  parts  of  the  molecules,  i.e.  of  the  atoms,  to  form  a  con- 
figuration stable  under  the  conditions  of  the  experiment :  and 
although  these  changes  occur  almost  simultaneously,  nevertlie- 
less,  if,  by  the  presentation  of  molecules  of  a  third  chemical 
substance,  there  is  rendered  possible  the  adoption  by  the 
various  atoms  of  another  configuration,  more  stable  than 
that  just  supposed  to  be  assumed,  this,  the  most  stable 
figuration,  will  be  adopted.  Hut  if  the  earlier  stable 
figuration  has  been  assumed  by  the  atoms,  it  does  not  follow 
that  the  introduction  of  the  third  class  of  molecules  will  i 
cause  this  configuration  to  become  unstable'. 

'  It  may  be  uiEwi  ihnl  Ihc  energy  or  [inrt  of  ihe  cncigy  vhich  u  id 
during  the  mutual  actions  of  tlie  moteculdii  of  the  lescting  bodies,  iiistml  Ji 
being  nin  down  to  the  (onn  of  heal  and  &□  lost  to  Ihe  ayslem,  becomes 
far  perrorniine  chemical  walk  ;  and  that  Ihc  only  di  (Terence  between  eg,  otdlB 
and  'nascent'  hydrogen  U  to  be  found  iii  the  greater  chemical  energy  nf 
latter,  The  iniportimce  of  this  point  of  view  i«  of  courae  admitted  by  (he 
holders  of  the  atomic  explanation  of  na^enl  actions,  but  they  would  uipplta 
this  by  the  statement  that  Ihe  configunition  with  which  the  grcaicr  i^ianlitj 
eoergy  is  associated  is  atomic,  and  they  contrvxl  this  with  a  moleculai  »d  a 
[Kiratively  inactive  con  figuration. 
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•[Following  out  this  line  of  argument,  it  would  appear 
^ble  that  compounds  should  present  phenomena  some- 
at  analogous  to  those  exhibited  by  elements  when  in  the 
nascent,  i.e.  on  the  hypothesis  now  adopted  the  atomic,  state. 
Let  it  be  supposed  that  no  chemical  change  occurred 
when  the  compound  molecules  a  and  b  were  brought  into 
contact,  nevertlieless  if  the  atoms  constituting  these  molecules 
were  allowed  to  react  a  chemical  change  might  occur.  In  a 
reaction  wherein  any  given  compound  is  produced  there  must 
be  a  moment  of  time  when  this  compound  can  only  be  said 
to  exist  potentially,  when  the  atoms  which  constitute  its 
molecules  have  not  settled  down  into  stable  configurations; 
at  this  moment  the  compound  may  be  said  to  exist  in  the 
nascent  state.  If  the  atomic  vibrations  and  interactions  are 
allowed  to  run  what  may  be  called  their  normal  course,  the 
compound  molecules  are  certainly  produced,  but  if  these 
interactions  are  interfered  with,  a  new  set  of  molecules  may  be 
formed,  which  molecules  bear  a  more  or  less  simple  genetic 
relation  to  those  produced  in  the  normal  process  of  the 
chemical  change". 

The  following  among  other  cases  of  chemical  change  find 
a  partial  explanation  in  terms  of  this  hypothesis.  Nitrous 
acid  has  no  action  on  the  primary  mononitroparaffins 
(C,H^j, .  NO,),  but  these  compounds  are  converted  into 
nitrolic  acids  (C,H,,.N,0,)  by  the  action  of  potassium 
nitrite  and  sulphuric  acid,  i.e.  by  the  action  of  reagents  which 
by  their  mutual  decomposition  produce  nitrous  acid.     Nitric 

riic   »pcrimcnls  of  Victor  Meyer  on   iodine  give  <lirecl  evidence  of  Ihe 
<  .'.iration  of  dcmenuiy  molecules  into  Alonis  liy  ihc  addition  or  energy  In  the 
1.1  or  heal.     (See  anU,  p.  33  par.  1  j.) 

Ill  Bouk  It.  chapter  :i.  par.  iBg,  will  be  foniut  some  facts  r^anling  dls- 
<  i.ilion  which  lienr  on  the  suhjecl  of  nascent  ncljons. 

'  [n  nil  sutli  considerations  we  can  deal  witli  molecular  phenomena  only  by  a 
.'ivlini  method,  we  can  reason  only  as  to  the  average  condition  of  the  nuut  of 
ioculei  constituting  a  substance  at  any  moment  of  lime. 

ll  leems  not  iinprolmble  thai  there  may  sometimes  be  nearly  as  great 
:'i.*ielica  between  the  ptopeities  of  a.  numbei  of  elementary  atoms  all  of  one 
I  .'.  and  the  elementary  molecules  which  are  produced  by  Ihe  union  of  lliese 
LI  bdween  the  properties  of  n  number  of  atoms  of  diflerent  kindi  and  the 
J  molecules  proiiuced  iiy  the  union  of  these  atom*. 
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acid  does  not  act  on  napthol  to  produce  dinitronapthol,  but 
if  napthol  be  produced  in  contact  with  nitric  acid — e.g.  by 
boiling  diazonapthalene  hydrochloride  in  presence  of  nitric 
acid — dinitronapthol    is    formed.       Carbon    monoxide   and 
ethylene  do  not  react  to  form  acrolein  even  under  the  influence 
of  electric  sparks,  but  if  ethylene  is  exploded  with  a  quantit)- 
of  oxygen  less  than  sufficient  for  complete  oxidation,  carbon 
monoxide  is  produced  and  simultaneously  acrolein  is  formed, 
i.e.  the  chemical  change  proceeds  partly  in  its  normal  way 
and  at  the  same  time  the  'nascent'  carbon  oxide  interacts 
with  the  ethylene  with  production  of  acrolein.     When  para- 
iodophenol  is  fused  with  potash  at  163®  hydroquinone  is  pro- 
duced, but  at  higher  temperatures  only  resorcin  is  formed: 
now  as  fusing  potash  does  not  act  on  hydroquinone  it  seems 
necessary  to  conclude,  that  in  the  fusion  of  paraiodophenol  at 
high  temperatures  hydroquinone  is  produced,  but  is  imme- 
diately changed  into  resorcin. 
42        Whether  the  course  of  a  chemical  action  is  or  is  not  to  be 
regarded  as  an  example  of  the  particular  application  of  the 
molecular  theory  now  under  consideration,  must  be  decided 
by  the  nature  of  the  change  in  question.    Some  of  the  changes 
which  occur  when  metals  and  acids  interact  probably  belong 
to  this  class  of  chemical  actions. 

The  products  of  the  mutual  actions  of  metals  and  sul- 
phuric and  nitric  acid,  respectively,  have  already  been 
broadly  stated.  That  no  hydrogen  is  evolved  in  the  case  of 
nitric  acid  is  generally  said  to  be  due  to  the  oxidation,  by 
the  nitric  acid,  of  the  atoms  of  hydrogen,  assumed  to  be  pro- 
duced by  the  interaction  of  the  metal  and  acid,  with  a  corre- 
sponding reduction  of  the  acid  to  oxides  of  nitrogen,  nitrogen, 
and  sometimes  ammonia. 

Direct  proof  in  favour  of  this  hypothesis,  in  the  case  of  the 
interaction  of  nitric  acid  and  magnesium,  has  been  given  by 
Gladstone  and  Tribe*,  who  have  shewn  that  when  a  small 
piece  of  magnesium  is  placed  in  a  large  excess  of  nitric  acid 
(strengths  i  :  i  and  i  :  2 — acid  to  water — were  employed)  the 
gas  at  first  evolved   consists  of  nearly  pure  hydrogen,  but 

*  C,  S,  Joumal  Ttani.  for  18T9.  178. 
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that  oxides  of  nitrogen  arc  very  quickly  produced,  The  same 
chemists'  have  estabHshcd  a  close  relation  between  the  reac- 
tion with  sulphuric  and  nitric  acids  of  the  hydrogen  produced 
by  electrolysis  of  these  acids,  and  the  hydrogen  occluded  by 
platinum  or  palladium;  they  have  also  shewn  that  hydrogen 
evolved  by  the  action  of  the  copper  zinc  couple  is  very 
analogous  in  general  reducing  actions  to  hydrogen  occluded 
by  platinum  or  palladium. 

When  concentrated  nitric  acid  is  subjected  to  electrolysis 
no  hydrogen  is  evolved,  but  the  acid  is  reduced;  when  more 
dilute  acid  is  usqd  hydrogen  is  evolved,  reduction  of  the  acid 
also  occurs,  and  the  more  rapid  the  electrolysis  the  greater  is 
the  quantity  of  hydrogen  evolved.  Concentrated  nitric  acid 
rapidly  acts  on  hydrogen  occluded  by  platinum  or  palladium, 
with  oxidation  of  the  hydrogen  and  reduction  of  the  acid. 
In  the  electrolysis  of  concentrated  sulphuric  acid  sulphur  is 
produced,  and  also  sulphur  dioxide  with  traces  of  sulphuretted 
hydrogen,  a  portion  of  the  hydrogen  formed  is  oxidised  and  a 
portion  escapes,  and  the  stronger  the  battery  power  the 
greater  is  the  quantity  of  hydrogen  evolved.  When  the 
electrolysis  is  extrmiely  simv,  no  hydrogen  is  evolved,  and 
sulphur  dioxide  is  produced  in  small  quantity  unmixed  with 
free  sulphur.  Hydrogen  occluded  by  palladium  or  platinum 
also  reduces  sulphuric  acid,  with  production  of  sulphur 
dioxide  and  escape  of  a  portion  of  the  hydrogen. 

Gladstone  and  Tribe  regard  the  metal  (platinum  or  palla- 
lium)  present  in  their  experiments  as  instrumental  in  the 
rcnical  change,  They  think  that  the  hydrogen  produced  is 
luded  by  the  metal  and  again  given  off  to  the  acid,  and 
it  if  the  gas  is  produced  more  quickly  than  it  can  be 
luded  the  excess  escapes  oxidation  by  the  acid :  it  is 
ibable  that  occluded  hydrogen  forms  a  compound  with  the 
luding  metal,  and  that  therefore  hydrogen  coming  from 
source  is  for  the  most  part  in  the  nascent,  i.e.  on  the 
;ent  hypothesis  the  atomic,  state.  Their  experiments  cer- 
,iy  establish  the  fact  that  maximum  reduction  of  either 
is  obtained  when  hydrogen  is  evolved  therein  near  an 
^  S-  ymmai  tnm,  toe  UII.  tjv  ""^  d^- 
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electro-negative  metal ;  but  a  comparison  of  the  results  with 
occluded  and  electrolytically  evolved  hydrogen  shews  that 
the  reducing  action  of  the  latter  on  sulphuric  acid  is  more 
complete  than  that  of  the  former. 

There  are  two  hypotheses  regarding  the  mechanism  of  the 
changes  which  occur  when  metals  and  aqueous  solutions  of 
nitric  acid  interact.  One  hypothesis  asserts  that  these 
changes  generally  proceed  in  two  stages,  taking  place  simul- 
taneously ;  in  the  first  stage  the  metal  and  acid  react  to  pro- 
duce a  nitrate  and  hydrogen  ;  in  the  second  stage  the  hydro- 
gen, or  a  portion  of  it,  interacts  with  another  portion  of  the 
acid  to  produce  oxides  of  nitrogen,  ammonia,  or  nitrogen,  and 
water.  The  other  hypothesis  regards  the  various  gaseous 
products  as  direct  results  of  the  deoxidation  of  the  acid  by 
the  reaction  with  the  metal,  and  denies  that  hydr(^en  is  pro- 
duced at  any  stage  of  the  process.  The  facts,  taken  as  a 
whole,  seem  to  me  to  be  more  in  keeping  with  the  first  than 
with  the  second  of  these  hypotheses.  Indeed  to  formulate  the 
reaction  of  zinc  and  nitric  acid  on  the  latter  hypothesis 
requires  that  nitric  acid  should  be  regarded  as  a  variable 
compound  of  nitrogen  pentoxide  and  water,  and  necessitates 
considerable  skill  in  the  manipulation  of  formulae \ 

The  interaction  of  copper  and  concentrated  sulphuric  acid 
has  been  studied  by  Pickering^  The  ease  with  which  this 
acid  undergoes  deoxidation  is  shewn  by  the  slow  production 
of  cuprous  sulphide  even  at  20*";  the  equation 

5  Cu  -f  4H2SO4 = CugS  -f  3CUSO4  -f  4H  jO, 

which  represents  the  change  as  consisting  in  deoxidation  of 
part  of  the  acid,  and  does  not  involve,  nor  according  to 
Pickering's  experiments  allow,  an  intermediate  stage  wherein 
hydrogen  reacts  with  the  acid,  is  nearly  realized  at  this  tem- 
perature. At  higher  temperatures  sulphur  dioxide  is  evolved, 
until  at  about  270°  the  action  consists  entirely  of  a  change 
which  may  be  formulated  as 

Cu  +  2HjS04=  CUSO4 + SO,  -f  2H,0, 

>  Deville,  Compt,  rend.  70,  ^o  and  550;  or  in  abstract,  Watt's  Dici.  Siq^  S, 
304.     See  also  Acworth  and  Armstrong,  C  S.  Journal^  vol.  t.  for  1877,  54  ^  ^ 
^  Q,  S,  JounuU  Ttans.  for  1878.  111. 
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and  which  is  most    readily  explained  as  consisting  of  two 
parts  proceeding  simultaneously 

:. 


((1)    Cu  +  HjSO,=CuSO,+  H,\ 
!(')    H,+  H,S0,-3H,0  +  S0j)  ' 

Tin  and  lead  are  dissolved  by  hot  concentrated  sulphuric 
acid,  with  production  of  sulphates  and  evolution  of  hydrogen 
aftd  sulphur  dioxide,  sometimes  accompanied  by  sulphuretted 
hydrogen,  and  with  separation  of  sulphur.  With  more  dilute 
acid  tin  evolves  hydrogen,  and  as  temperature  is  increased, 
sulphuretted  hydrogen  also.  The:  reaction  of  zinc  with  sul- 
phuric acid  is  broadly  analogous  to  that  of  tin:  with  pure  zinc 
and  very  concentrated  hot  acid,  the  products  are  hydrogen 
and  sulphur  dioxide;  with  less  pure  zinc,  sulphuretted  hydro- 
gen and  sulphur  arc  also  formed,  the  sulphur  compounds  (SO, 
and  SH,J  appearing  even  when  the  acid  is  very  dilute  and  is 
kept  cold  ;  with  moderately  dilute  pure  acid  and  pure  zinc 
hydrogen  is  the  only  gaseous  product  {s.  Pattison  Muir  and 
Adie,  C.  S.  yoitrmt.  Trans.  1888,  47). 

Quantitative  analyses  of  the  products  of  reduction  of 
nitric  acid  by  magnesium,  zinc,  and  cadmium,  respectively 
shew  that  reduction  is  carried  furthest  by  magnesium,  and 
further  by  zinc  than  by  cadmium.  Now  the  'heats  of  for- 
mation' {see  Chap,  IV.)  of  the  oxides  of  these  metals  are, 
for  Mg  147.132,  for  Zn  88,344,  a"d  for  Cd  30,364  thermal 
gram-units;  hence  in  these  cases  that  reaction  in  which  the 
greatest  amount  of  heat  is  produced  is  accompanied  by  the 
greatest  reduction  of  the  acid. 

The  following  numbers  representing  quantities  of  heat 
produced  in  the  chemical  changes  formulated  were  obtained 
by  Thomson '; — 

[H>,  a.  O',  A([]^2lo,76o  gram-units  \. 
[H,  N,  O'.  Aq]=  34,270  ..        +■ 

[Zn.  H'SO'Aq]^  106.090  „         +. 

[Zn.iHNO'Aq]- 136.340  „        -V. 

'  Thei*  ritualions  lell  that  eg.  iihcn  ]  grams  of  liydrogen.  ji  grams  of 
Hilpdur.  anrl  h\  grami  of  oxjgcn  itiioaet  io  pfucnce  uf  a  large  quanlily  of  water 
10  fotui  a  dilute  aqaeous  wlutinii  of  9S  giams  of  sulphuric  acid,  -110,760  grani> 
uniii  of  heal  arc  produced,     (('(ir  fuller  opianaiions  r.  Chap.  IV  J 
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Berthelot  gives  the  thermal  value  21,500  gram-units  to  the 
chemical  change 

HNOgAq  (dilute) +  8H  =  NHj,Aq  (dilute)  +  3H,0. 

From  these  numbers  we  should  expect  sulphuric  acid 
to  be  more  stable,  towards  heat,  than  nitric  acid,  and  we 
should  expect  the  reaction  of  zinc  with  these  acids  to  result 
in  a  more  complete  deoxidation  of  nitric  than  of  sulphuric 
acid. 

In  the  interaction  of  a  metal  with  nitric  acid  in  aqueous 
solution  at  ordinary  temperatures,  we  have  then,  an  unstable 
acid,  a  considerable  quantity  of  heat  produced,  and  the 
formation  of  hydrogen  in  contact  with  the  acid;  we  have 
conditions  eminently  favourable  to  deoxidation.  In  the 
interaction  of  a  metal  with  dilute  sulphuric  acid,  on  the  other 
hand,  we  have  a  more  stable  acid  and  a  smaller  quantity  of 
heat  produced;  the  hydrogen  escapes  unchanged;  but  when 
the  acid  is  so  concentrated  that  addition  of  heat  from  with- 
out is  required  to  start  the  reaction,  and  when  the  acid  is 
therefore  in  a  condition  more  comparable  with  that  of  nitric 
acid  at  ordinary  temperatures,  a  portion  of  the  hydn^en 
then  evolved  undergoes  oxidation  at  the  expense  of  the 
oxygen  of  the  acid.  If  however  hydrogen  is  evolved,  as  in 
the  experiments  of  Gladstone  and  Tribe,  in  contact  with  the 
concentrated  acid  at  ordinary  temperatures,  a  part  of  this 
hydrogen  is  always  oxidised  * ;  this  shews  that  all  the  reacting 
substances,  and  also  the  conditions  of  the  reaction,  must  be 
considered,  and  that  attention  must  not  be  confined  to  the 
hydrogen  only. 

The  facts,  that  hot  sulphuric  acid  is  deoxidised  by  carbon, 
and  apparently  by  phosphorus  also^  and  that  it  is  possible 
by  heat  alone  to  decompose  this  acid  into  sulphur  dioxide, 
oxygen,  and  water,  have  caused  some  chemists  to  regard  the 
reactions  of  metals  with  this  acid  as  simply  cases  of  direct 
deoxidation:  but  it  seems  to  me  that  the  facts  enumerated — 
both  chemical  and  physical,  with  regard  to  the  interactions  of 

*  When  however  vapour  of  sulphuric  acid  mixed  with  hydrogen  is  passed 
through  a  hot  tube,  sulphuretted  hydrogen  is  produced. 
'  Cross,  C.  S*  Journal  TtUii.  for  18T9.  955. 


CllAI'.  II.  §42]  NASCENT   ACTIONS.  IO5 

metals  with  this  acid  and  with  nitric  acid — are  more  in 
keeping  witli  that  hypothesis  according  to  which  hydro- 
gen plays  an  essential  part  in  the  series  of  changes,  than 
with  any  other  hitherto  advanced.  There  may  be,  Indeed 
there  undoubtedly  is,  more  than  one  process  of  chemical 
change  resulting  in  the  deoxidation  of  sulphuric  acid ;  in  some 
cases  direct  deoxidation  preponderates,  in  others  hydrogen 
plays  the  more  important  part. 

Experiments  conducted  by  Thorpe'  on  the  reducing 
action  of  zinc,  magnesium,  and  tin,  on  acidulated  solutions 
of  ferric  sulphate,  shewed  that  whatever  condition  tends  to 
give  greater  chances  of  contact  between  the  hydrogen  pro- 
duced in  the  liquid  and  the  ferric  sulphate  in  solution, 
increases  the  rate  of  reduction ;  that  increase  of  the  rate 
at  which  hydrogen  is  evolved,  other  conditions  remaining 
constant,  is  accompanied  by  decrease  of  the  amount  of  re- 
duction in  unit  of  time;  and  that  the  presence  of  certain 
salts,  e.g.  zinc  sulphate,  causes  a.  decrease  in  the  rate  of 
reduction.  Thorpe's  results  also  established  a  distinct 
connexion  between  the  nature  of  the  metal  used  and  the 
influence  on  the  rate  of  reduction  of  the  varying  conditions 
under  which  the  experiments  were  conducted. 

These  experiments,  and  indeed  all  e.vperiments  on  the 
interactions  of  metals  and  acids,  emphasise  the  necessity  that 
exists  for  considering  all  the  reacting  substances  which  take 
part  iri  a  process  of  reduction  by  hydrogen,  and  not  confining 
attention  to  the  hydrogen  alone.  The  results  of  experiments 
by  Tommasi'also  shew  this  need;  Tommasi  found  that  po- 
tassium chlorate  was  not  deoxidised  by  hydrogen  evolved  by 
the  action  of  sodium-amalgam,  but  was  reduced  by  hydrogen 
evolved  by  the  action  of  zinc  on  diluted  sulphuric  acid, 
but  that  the  latter  agents  failed  to  remove  oxjgcn  from 
potassium  perchlorate.  Experiments  conducted  in  my  la- 
boratory have  shewn  that  an  aqueous  solution  of  potassium 
,  chlorate  is  reduced  by  the  action  of  magnesium  or  sodium, 

I  by  t])at  of  the  copper-zinc  couple;  and  that  an  aqueous 

C.  S.  yeuraat  Tmw.  for  IBOT.   789. 
Sec  opecially  Fegg.  BiibUitttr,  3,  loj. 
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solution  of  potassium  perchlorate  is  very  slightly  reduced  (to 
chloride)  by  the  action  of  sodium,  and  by  the  prolonged  action 
of  magnesium,  but  is  not  reduced  by  the  action  of  the  copper- 
zinc  couple,  by  that  of  zinc  dust  and  potash,  or  by  electrolysis. 
43  The  conception  which  underlies  such  expressions  as  nascent 
actions,  action  of  nascetit  hydrogen,  &c.,  is  that  implied  in  the 
distinction  drawn  between  atom  and  molecule.  That  this 
distinction  is  not  one  merely  of  terminology  but  is  based  on 
actual  reactions,  is  rendered  apparent  by  the  results  of  ex- 
periments by  Traube*  on  the  electrolysis  of  water,  using 
electrodes  of  different  materials.  For  instance,  he  found  that 
when  palladium  is  charged  with  hydrogen  and  made  the 
positive  pole  of  the  battery  no  hydrogen  peroxide  is  produced, 
but  the  oxygen  which  is  being  evolved  is  absorbed  by  the 
palladium  and  is  combined  with  the  occluded  hydrogen  to 
form  water.  When  however  the  hydrogenised  palladium  is 
made  the  negative  pole  a  little  hydrogen  peroxide  is  pro- 
duced; and  the  quantity  of  this  compound  may  be  con- 
siderably increased  by  causing  bubbles  of  air  to  rise  through 
the  liquid  near  the  negative  pole.  If  however  no  air  is  passed 
through  the  water,  and  at  the  same  time  the  transference  of 
oxygen  from  the  positive  pole  (where  it  is  being  liberated) 
through  the  liquid  to  the  negative  pole  is  mechanically  pre- 
vented, no  hydrogen  peroxide,  or  only  a  trace  of  this  com- 
pound, is  produced.  Further,  if  hydrogenised  palladium  is 
made  the  positive  pole,  and  bubbles  of  air  are  at  the  same 
time  caused  to  rise  through  the  liquid  around  the  pole,  a  little, 
but  only  a  little,  hydrogen  peroxide  is  produced. 

Finally  if  the  electrodes  are  made  of  palladium  uncharged 
with  hydrogen  the  maximum  yield  of  hydrogen  peroxide  is 
obtained  (entirely  at  the  negative  pole)  by  arranging  the  rate 
of  electrolysis  so  that  the  whole  of  the  hydrogen  produced  is 
occluded  by  the  palladium ;  the  more  rapid  the  evolution  of 
hydrogen  from  the  liquid  the  smaller  is  the  quantity  of 
hydrogen  peroxide  produced*.     Now  it  is  generally  supposed 

^  Ber.lA.  659,  1411,  9434:  16.  iioi. 

'  These  results  are  confirmfttory  of  those  obtained  by  Gladstone  and  Tribe  in 

their  eJectrol/t ic  experiments  on  the  redttction  of  adds.    See  anUt  p.  loa 
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that  the  greater  part  of  the  oxygen  or  hydrogen  liberatetJ 
during  the  electrolysis  of  water  is  at  the  moment  of  its  pro- 
duction in  the  slate  of  atoms,  and  that  the  greater  part  of  the 
oxygen  in  ordinary  air  is  composed  of  molecules;  if  this  be 
granted,  it  follows  that  Traube's  experiments  establish  a 
marked  difference  between  the  reactions  of  oxygen  atoms  and 
oxygen  molecules:  by  their  reaction  with  hydrogen  occluded 
by  palladium,  the  former  produce  water,  the  latter  produce 
hydrogen  peroxide;  if  a  few  atoms  and  many  molecules  of 
oxygen  are  present  much  peroxide  and  little  water  are  the 
products,  while  if  many  atoms  and  few  molecules  of  oxygen 
are  brought  into  contact  with  the  hydrogen,  much  water  and 
httle  peroxide  is  the  result. 
t4  But  the  experiments  of  Traube  also  shew  that  the  direction 
and  final  goal  of  the  chemical  change  depends  not  only  on  the 
structure  of  the  particles  of  oxygen,  but  also  on  the  source 
and  conditions  of  supply  of  the  hydrogen.  If  the  hydrogen 
is  produced  by  rapid  electrolysis  little  peroxide  is  formed; 
indeed  if  the  hydrogen  is  produced,  rapidly  or  slowly,  by 
electrolysis  with  carbon  poles  no  peroxide  is  obtained.  The 
chemical  nature  and  the  mass  of  each  of  the  members  of  the 
changing  system  influence  the  final  configuration.  The  im- 
portance of  considering  the  conditions  under  which  hydrogen 
is  produced  when  we  are  attempting  to  explain  any  of  the 
phenomena  classed  tt^ether  as  nascent,  is  emphasised  by  the 
fact  that  the  metals  which  decompose  water  in  absence  of  oxy- 
gen do  not  give  rise  to  the  production  of  hydrogen  peroxide 
by  their  action  on  water  in  prtsenu  of  oxygen;  for  instance, 
hydrogen  peroxide  is  never  produced  by  the  action  of  sodium 
on  water.  It  is  not  enough  then  that  oxygen  molecules 
should  be  present  in  contact  with  atoms  of  hydrogen  as  these 
are  liberated  from  water.  The  peroxide  results  from  the 
mutual  interactions  of  the  three  substances,  metal,  water,  and 
oxygen;  if  the  water  is  decomposed  by  the  metal  alone, 
hydrc^en  is  evolved  rapidly  and  escapes  the  pursuit  of  the 
oxygen  molecules;  the  peroxide  appears  to  be  a  product  of 
the  joint  action  of  the  metal  and  oxygen  on  the  molecules  of 
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The  conception  of  a  joint  action  of  metal  and  oxygen  with 
water  may  be  used  to  explain  some  of  the  phenomena  ex- 
hibited when  metals  and  acids  interact.  Traube  seeks  to 
explain  many  of  these  reactions  in  this  way. 

Copper  does  not  remove  oxygen  from  an  aqueous  solution 
of  potassium  nitrate  as  zinc  does:  but  if  copper  is  brought 
into  contact  with  dilute  sulphuric  acid  in  presence  of  oxygen, 
hydrogen  peroxide  is  produced.  The  joint  action  of  copper 
and  potassium  nitrate  is  not  sufficient  to  decompose  water- 
molecules  ;  but  copper  and  oxygen  aided  by  a  little  sulphuric 
acid  suffice  to  complete  this  change.  The  reaction  in  question 
is  represented  thus  by  Traube : — 


OH 

(a)     Cu  + . 

.OH 


H]      (O 
HJ      lo 


H-O 

Cu(OH)j-l-  I 

H-O 


(d)     (when  a  certain  amount  of  H^Oj  is  produced) 

Cu  +  H202=Cu(OH)2 

{c)     Cu(OH)2+HjS04=CuS04  +  2H,0. 

If  some  compound  which  is  readily  acted  on  by  hydrogen 
is  substituted  for  oxygen  in  this  series  of  changes,  then 
copper  and  dilute  sulphuric  acid  form  a  reducing  agent; 
ferric  sulphate  e.g.  is  reduced  under  these  conditions  to 
ferrous  sulphate: — 


^  +  Fe2.3S04+;rH,S04=Cu(OH)j-l-2FeS04  +  (x+i)H^04 
.?... [=CuS04+2FeS04-l-2H,0+xH,S04]. 


Similarly  the  interaction  of  copper  with  dilute  nitric  acid 
would  be  represented  thus  : — 


,OH  •;  H) 

3CU  +  3  j      U3(0 

.OH  :  HJ 


NO,H)  =  3Cu(OH),+3H,0  +  NO,H 


[but  3NO2H  rapidly  decomposes  to  give  HNO3-I-2NO  +  H^O]. 

As  thus  regarded,  these  reactions  of  metals  with  acids  are 
complex  changes;  at  one  stage  or  other  of  the  complete 
change  hydrogen  plays  an  important  part,  and  it  does  this  ia 
virtue  of  being  itself  a  product  of  another  part  of  the  whole 
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iction.  Hydrt^en  imported  from  without  the  system  f 
accomplish  actions  which  are  brought  about  by  hydrog« 
Berated  within  the  system,  provided  this  hydrogen  be  ( 
ced  at  the  proper  rate  and  under  conditions  generaHj 
rourable  to  the  action  it  is  to  perform. 
The  investigation  of  Divers'  'On  the  production  of  V 
jxylamine  from  nitric  acid'  is  an  interesting  and  instructive 
miple  of  the  need  of  considering  all  the  members  of  a 
inging  system  in  attempting  to  find  an  explanation  of  the 
■nge.  Hydroxylamine  is  produced  in  very  small  quantities 
ring  the  reaction  of  tin,  zinc,  and  some  other  metals,  with 
Tie  acid;  but  if  hydrochloric  or  sulphuric  acid  is  added  to 
B  zinc  and  nitric  acid  a  marked  increase  in  the  yield  of  hy- 
oxylamine  is  noticed.  When  a  mixture  of  nitric  and  su!- 
c  acids  reacts  with  zinc  it  is  probable, from  the  experiments 
Ude  by  Divers,  that  the  ammonia  which  is  produced  in  con- 
lerablc  quantities  is  a  product  of  the  direct  mutual  action  of 
uie  zinc  and  nitric  acid,  and  that  the  hydroxylamine  is  a 
product  of  the  reduction  of  the  nitric  acid  by  the  combined 
interaction  with  that  acid  of  zinc  and  sulphuric  acid.  Zinc 
and  sulphuric  acid  in  presence  of  nitric  acid,  according  to' 
Divers,  form  an  hydrogenising  mixture;  the  chief  products  of 
this  action  are  hydrogen  and  hydroxylamine,  besides  sulphate 
and  nitrate  of  zinc.  Zinc  and  aqueous  nitric  acid  alone  also 
form  an  hydrogenising  mixture;  but  the  chief  product  of  this 
action,  other  than  zinc  nitrate,  is  ammonia.  Hydroxylamine 
is  not  therefore  an  invariable  product  of  the  reaction  of  hy- 
drogen with  nitric  acid  even  when  that  hydrogen  is  evolved  in 
contact  with  the  acid  ;  it  is  rather  to  be  regarded  as  a  product. 
f  the  combined  interaction  of  nitric  acid  and  sulphuric  acid 
I  zinc,  this  reaction  being  such  that  the  nitric  acid  is  sup- 
ped with  hydrogen  whereby  it  is  reduced  to  hydroxylamine. 
The  expression  'nascent  action'  has  probably  been  at  once 
bpful  and  harmful  to  the  progress  of  chemistry.  By  classing 
idcr  a  common  name  many  phenomena  that  might  other- 
:  have  been  lost  in  the  vast  mass  of  facts  with  which  the 
'  C.S.yMifiia/.Tmu.lot  lUS.  44  j;  also  Divers  and  Shimidzu,  C.S.ymriia/. 
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science  has  to  deal,  the  expression  has,  I  think,  done  ^ood 
ser\ice;  but  in  so  far  as  its  use  has  tended  to  prevent  in- 
vestigation— for  it  is  always  easier  to  say  of  any  unusual 
reactions,  'these  are  cases  of  nascent  action,'  than  to  examine 
carefully  into  their  course  and  conditions — and  also  in  so 
far  as  it  has  favoured  the  impression  that  'nascent'  hydro- 
gen or  'nascent*  oxygen,  &c.  is  ordinary  hydrogen  or  oxygen, 
&c.  with  certain  indefinite  properties  which  always  belong 
to  the  hydrogen,  or  other  element,  when  in  this  peculiar  con- 
dition the  use  of  the  expression  has,  I  think,  been  unfavour- 
able to  the  best  interests  of  chemical  science. 

A  study  of  the  reactions  in  which  nascent  substances  play 
important  parts  appears  to  me  to  keep  before  the  student 
that  all-important  distinction  between  the  atom  and  the 
molecule  which  is  so  vital  in  chemical  considerations,  and  also 
to  draw  attention  in  a  marked  way  to  the  complexity  of  all 
chemical  changes.  We  find,  or  think  we  find,  that  when  atoms 
of  hydrogen  are  presented  to  another  substance  in  a  given 
chemical  reaction,  certain  definite  products  result;  and  we 
arc  apt  to  conclude  that  the  interaction  of  hydrogen  atoms 
with  this  substance  will  always  give  this  result;  but  investi- 
gation discovers  that  not  only  the  course  of  the  reaction,  but 
also  the  final  configuration  of  the  changing  system,  is  de- 
pendent on  the  whole  previous  history  of  the  reacting  bodies. 
Hydrogen  as  it  is  produced  by  the  action  of  sodium- amalgam 
appears  to  possess  properties  different  from  those  which 
characterise  hydrogen  produced  by  the  reaction  of  zinc  with 
dilute  sulphuric  acid.  Attempts  to  explain  these  apparent 
differences  lead  to  fresh  researches;  the  results  of  these  re- 
searches shew  the  danger  of  using  such  an  expression  as  tlie 
properties  of  hydrogen  produced  by  t/ie  action  of  sodium-amalgam, 
and  contrasting  these  with  tlu  properties  of  hydrogen  prodiued 
by  the  reaction  of  zinc  with  dilute  sulphuric  acid;  they  teach 
that  every  chemical  change  is  composed  of  parts,  and  that  the 
occurrence  of  one  part  is  dependent  on  the  occurrence  of  the 
other  parts,  that  we  cannot,  except  occasionally,  alter  one  part 
of  the  complete  change  and  expect  the  other  parts  to  proceed 
as  before.     The  change  of  hydrogen  and  potassium  chlorate 
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in  aqueous  solution  to  potassium  chloride  and  water,  for 
instance,  is  dependent  not  only  on  the  interaction  of  the 
chlorate  and  hydrogen  but  also  on  tlie  interaction  whereby 
the  hydrogen  is  itself  produced.  It  is  not  that  hydrogen 
produced  in  one  way  has  certain  properiii;s  and  hydrogen 
produced  in  another  way  has  other  properties,  but  rather  that 
the  members  of  the  system  composed  of  potassium  chlorate, 
water,  and  sodium-amaigam,  interact  to  produce  potassium 
chlorate,  soda,  water,  mercury,  and  hydrogen,  whereas  the 
members  of  the  system  composed  of  potassium  chlorate, 
water,  zinc,  and  sulphuric  acid,  interact  to  produce  potassium 
chloride,  water,  zinc  sulphate,  and  hydrogen.  We  thus  be- 
come impressed  wilh  the  conviction  that  chemistry  is  not  the 
study  of  this  element  or  that,  regarded  as  a  kind  of  matter 
with  certain  fixed  physical  properties,  but  that  processes  of 
change  are  the  subject-matter  of  the  science,  and  that  to 
explain  any  one  of  these  we  must  take  into  account  each  and 
all  of  the  reacting  bodies,  and  each  and  all  of  the  conditions 
under  which  the  total  change  is  proceeding. 

If  the  expression  'nascent  action'  does  in  any  way  help  to 
emphasise  such  considerations  as  these,  I  think  it  ought  to  be 
retained  in  chemical  nomenclature'. 


Section  II.     TIu  Diinlistic  ami  if  Hilary  Hy[w(hcscs. 

We  must  now  examine  the  relations  between  the  chemical 
properties  of  atoms  and  of  the  molecules,  or  atomic  aggregates, 
which  are  formed  by  the  union  of  these  atoms.  We  must  in- 
quire whether  the  properties  of  the  molecule  are  the  sum  of 
the  properties  of  its  constituent  atoms;  or  whether  the  latter 
properties  are  modified  by  the  mutual  interactions  of  the 
atoms.    We  must  endeavour  to  learn  something  regarding  the  * 

structure  of  molecules. 
:  ^        Partly  from  his  definition  of  element,  partly  from  his  study  J 

■j^of  the  products  of  combustion  in   oxygen,   of  phosphorus,  I 

^Kearbon,  sulphur,  &c.,  Lavoisier  was  led  to  regard  every  salt         I 

■iMHiliiiMii^^i^^ 


112  ATOMIC  AND  MOLECULAR   SYSTEMS.         [BOOK  L 

as  formed  by  the  union  of  an  acid  with  a  radicle,  the  latter 
being  itself  either  simple  or  compound. 

Davy  began  his  electro-chemical  researches  in  the  early 
years  of  the  present  century.  In  the  Philosophical  Transactions 
for  1807*,  and  in  his  Elements  of  Chemical  Philosophy*,  he 
regards  chemical  combination  as  accompanied  by  an  ex- 
change of  quantities  of  electricity  of  opposite  sign  between 
the  combining  bodies.  He  found  that  when  sulphur  and 
copper  are  rubbed  together  the  sulphur  is  negatively,  the 
copper  positively,  electrified;  and  that  when  the  sulphur  is 
heated  the  electrical  activities  become  more  apparent,  until 
the  sulphur  melts,  when  chemical  combination  occurs,  and 
the  product,  copper  sulphide,  exhibits  neither  positive  nor 
negative  electricity.  If  the  quantity  of  electricity  lost  in  the 
act  of  chemical  union  is  restored,  e.g.  by  the  passage  of  a 
current  through  the  compound  formed,  chemical  decom- 
position occurs  and  the  original  components  are  again  ob- 
tained. Davy  regarded  the  primary  cause  of  chemical  and 
electrical  effects  as  possibly  the  same  force;  when  this  force 
is  exerted  between  masses  of  matter,  electrical  phenomena,  he 
said,  result;  when  it  is  exerted  between  the  smallest  particles 
of  bodies  chemical  phenomena  result  Thus  in  his  Elemettts 
of  Chemical  Philosophy^  Davy  says, 

"  Electrical  effects  are  exhibited  by  the  same  bodies  when  acting  as 
masses,  which  produce  chemical  phenomena  when  acting  by  their  par- 
ticles ;  it  is  not  therefore  improbable  that  the  primary  cause  of  both  may 
be  the  same,  and  that  the  same  arrangements  of  matter,  or  the  same 
attracting  powers,  which  place  bodies  in  the  relations  of  positi\-e  and 
negative,  i.e.  which  render  them  attractive  of  each  other  electrically,  and 
capable  of  communicating  attractive  powers  to  other  matter,  may  likewise 
render  their  particles  attractive,  and  enable  them  to  combine,  when  they 
have  full  freedom  of  motion."  "  That  the  decomposition  of  the  chemical 
agents  is  connected  with  the  energies  of  the  pile,  is  evident  from  all  the 
experiments  that  have  been  made;  as  yet  no  sound  objection  has  been 
urged  against  the  theory  that  the  contact  of  the  metals  destroys  the 
electrical  equilibrium,  and  that  the  chemical  changes  restore  it;  and,  in 

*  'On  some  chemical  agencies  of  electricity,'  p.  i. 

*  Collected  Works,  vol.  iv.  (see  also  Ladenburg's  Eniwickelungsgachukte  d€r 
Chemie,  pp.  75 — 81). 

'  Pp.  119 — 110,  and  p.  125. 
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■-onsequcnce,  Ihal  the  action  exists  as  long  as  the  deconiposiiions  con- 


7  At  once  a  brilliant  thcoriser  and  a  thorough-going  experi- 
menter Davy  did  not  attempt  to  found  a  general  scheme  of 
chemical  classification  on  his  electro-chemical  work.  This 
was  however  done  by  BerzeJius,  who  developed  a  consistent 
and  definite,  although  narrow,  theory  which  for  a  time  seemed 
to  explain  all  chemical  phenomena. 

All  chemical  actions  were  regarded  by  Berzelius  as  brought 
about  by  electrical  force*.  '^ Die Elektricit(it...schcinl  die  crstc 
Tkiitigkeits-Ursacki  in  dtr  gansen,  tins  umgcbcndfn  Natiir  su 
sein."  Electrical  actions,  according  to  Berzelius.  were  not  to 
be  described  as  consequences  of  contact,  or  of  mutual  action, 
l)etween  heterogeneous  bodies.  Each  elementary  atom,  he 
held,  is  endowed  with  two  kinds  of  electricity,  it  has  two 
electric  poles ;  but  these  poles  differ  in  strength,  so  that 
each  atom  considered  as  a  whole  is  positively  or  negatively 
electrified ;  in  some  elementary  atoms  positive  electricity 
predominates  and  gives  a  positive  character  to  the  whole 
atom;  in  others  negative  electricity  overpowers  the  positive. 
When  a  positively  electrified  atom  attracts  a  negatively  elec- 
trified atom,  opposite  electricities  neutralise  one  another,  but 
the  electricities  formerly  masked  in  the  separate  atoms  now 
-<<mc  into  play,  and  so  the  new  group  of  atoms,  as  a  whole, 
■xhibits  positive  or  negative  electricity,  in  virtue  of  which  it 
■■  capable  of  chemically  combining  with  other  atoms  or  groups 
■  f  atoms.  But  as  the  stronger  poles  are  first  neutralised,  it 
.Hows  that  the  more  complex  a  compound  is,  the  less  polarity 
does  it  exhibit,  and  hence  the  less  readily  does  it  combine 
with  other  substances.  Berzelius  moreover  regarded  the  quan- 
tity of  electricity  on  either  pole  as  to  some  extent  variable 
■rith    variations   of  temperature.     By   the   Berzelian    theory 

■  It  b  {nlcreOinB  lo  uhs«rvc  how  similar  Uiia  view,  staled  by  D.-ivy  in  Ibe 

uiinfE  oT  ihe  present  ceniuiy.  is  to  the  latest  views  leguding  the  connexion 

lAcinicsl  ami   clecttical   fptces.     Coinjiflre  especially   Ilelraholli's   '  Eaiaday 

(C.  S.  yournal,  Truw.  for  isal,  17;  il  uq.:  hi  farlitulariy  [jp.  300 — 

[Se«^if,  Book  11.] 

r,  psri  1.  p.  77. 
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atoms  are  regarded  as  essentially  unipolar;  one  polarity  so 
predominates  over  the  other  that  each  atom  acts  as  a  posi- 
tively or  negatively  electrified  whole. 

The  electro-chemical  properties  of  oxidised  compounds, 
Berzelius  taught,  depend  chiefly  on  the  unipolarity  of  the 
electro-positive  radicles  they  contain.  Of  two  oxides,  that 
which  contains  the  more  electro-negative  radicle  is  generally 
itself  electro-negative;  thus  sulphuric  acid  (regarded  as  SO  J 
is  electro-negative  to  all  metallic  oxides,  because  sulphur  is 
itself  electro-negative  to  all  metals:  on  the  other  hand  the 
oxides  of  potassium  and  sodium  are  electro-positive  to  all 
other  oxides  (excepting  those  of  caesium  and  rubidium)  be- 
cause potassium  and  sodium  are  themselves  electro-positive 
to  all  other  elements*  (except  caesium  and  rubidium). 

Polarity  and  chemical  affinity  are  closely  connected  in  the 
system  of  Berzelius:  the  'specific  unipolarity"  however  does 
not  alone  determine  the  greater  or  less  affinity  of  one  atom 
for  another.  Some  atoms  have  a  more  intense  polarity  than 
others  and  therefore  exhibit  a  greater  striving  {Bestreben)  to 
neutralise  the  electricity  divided  between  their  poles,  in  other 
words,  have  a  greater  affinity  for  a  given  substance  than 
other  atoms. 

Chemical  affinity  appears  to  have  been  regarded  by  Ber- 
zelius as  nearly  synonymous  with  intensity  of  atomic  polarity*. 
Thus,  oxygen  combines  with  sulphur  rather  than  with  lead, 
although  oxygen  and  sulphur  have  the  same  unipolarity  (viz. 
negative);  but,  the  Berzelian  view  asserts,  the  positive  pole  of 
the  sulphur  atom  neutralises  more  negative  electricity  on  the 
oxygen  atom  than  can  be  neutralised  by  the  positive  pole  of 
the  lead  atom. 

^  An  important  deduction  made  from  these  considerations  is,  that  as  oxygen 
occurs  both  in  markedly  electro-positive  and  electro-negative  compounds,  and  as 
acids  are  as  a  group  electro-negative,  oxygen  cannot  be  the  actdiiying  element,  as 
Lavoisier  said  it  was. 

^  Spccifische  Unipolarildt^     Berzelius,  loc,  cU.  p.  73. 

^  This  might  perhaps  be  regarded  as  equivalent  to  the  modem  conception  of 
higher  and  lower  potential ;  as  if  one  atom  might  have  a  smaller  electrical  charge 
but  at  a  higher  potential  than  another,  and  would  therefore  exhibit 
chemical  Mmty  than  the  other. 


^ 
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Double  decompositions  were  readily  explained  in  terms  of 
this  theory: 

"Every  chcmicAl  artion,"  says  Bereelius',  "is  an  electrical  pheno- 

ncnon  depending  on  the  clecirica!  polarity  of  the  particles;  everything 

^.ii  appears  to  be  due  to  the  action  of  affinity  is  caused  by  the  possession 

uotac  bodies  of  nn  electrical  polarity  stronger  than  that  of  others.     If 

n-  compotind  /!/>  is  decomposed  by  the  substance  C  which  has  a  greaier 

trinity  for  /t  than  S  has,  then  C  must  possess  a  more  intense  electrical 

i  irity  than  ff;  oo  this  accoiinl  there  results  more  complete  neutralisa- 

■II  between  A  and  C  tItAn  between  j1  and  /i....    If  two  bodies,  Afi  and 

■'>.  so  reirt  ^ts  to  produce  two  new  bodies,  AD  and  3C,  it  follows  that 

.'-  electrical  polarities  nrc  belter  neutralised  in  the  latter  pair  of  bodies 

■  ii.in  in  the  former.'' 

3         On  the  basis  of  this  conception  BcrzcHus  raised  the  striic- 

lurc  of  the  dualistic  chemistry,  which   asserted    that  every 

compound,  whether  simple  or  complex,  must  be  constituted  of 

two  parts,  of  which  one  is  positively,  and  the  other  negatively, 

electrified. 

The  doctrine  of  dualism  is  thus  introduced  by  Berzelius"; 
"  If  ibcsc  electro-chemical  conceptions  are  just,  it  follows  that  every 
IUC4I  compound  is  dependent  on  two  opposing  forces,  positive  and 
pttve  electricity,  and  on  these  alone ;  and  that  every  compound  must 
b  «nBpcn«d  of  two  parts  held  together  by  their  mutual  el earo- chemical 
Therefore  it  follows  thai  every  compound  Imdy,  whaievct  be 

•  mimber  of  its  constituents,  can  be  separated  into  two  parts,  whereof 

•  Is  positively  and  the  oiher  negatively  electrified.    Thus,  for  example, 
1  sulphate  is  put  together,  not  from  sulphur,  oxygen,  and  sodium, 

n  from  sulphuric  acid  and  soda,  which  again  can  themselves  be  separated 

into  positive  and  negative  constituents.    So  also  alum  cannot  be  regarded 

1*  imincdlaicly  built  up  from  its  elements,  but  must  rather  be  looked  on 

•  ihe  product  of  a  reaction  between  sulphate  of  alumina  and  sulphate  of 

'I'liub,  the  former  acting  as  a  negative,  the  latter  as  a  positive  clement."' 

In  support  of  his  theory  Berzelius  appealed  to  the  facts  of 

-olysis.    A  solution  of  sodium  sulphate  containing  a  little 

c  vegetable  colouring  matter  is  electrolysed ;  the  colouring 

^r  is  reddened  around  the  positive  electrode  and  rendered 

«  LekrhieA  (iw  Ed.),  III.  part  I.  p  ^^■ 
•  ibiJ.  p.  79. 

■  !>c«  alw    Berwllus    T^torit  da  firnfiarliMU  ihimiqna,  tt   Jt   VinfiKotti 
iiUmifm  Jr  I'HistrUiti  Jam  la  aaUirt  inerj,vnifue ;  jnl  Eil.  Paiii,  IHif.     Also, 
■  rotylcnied  areount  of  Ihe  elM■lf•I-c^pmi^■n!  kYifiWf  of  Bciu\iub,  see  V*i\wv- 
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more  distinctly  blue  around  the  negative.  What  can  this 
experiment  teach  but  that  the  salt  is  separated  by  the  electric 
current  into  alkali  and  acid  ?  And  can  the  inference  be 
avoided  that  the  salt  is  composed  of,  or  contains  in  itself, 
these  two  compound  radicles,  soda  (Na,0),  and  sulphuric 
acid  (SOg)?  All  salts  were  to  be  regarded  as  dualistic  struc- 
tures. Given  the  composition  of  a  salt,  a  dualistic  formula,  or 
rather  a  series  of  formulae,  was  at  once  devised  for  it  The 
following  formulae  were  employed  by  various  dualistic  chemists 
to  express  the  structure  of  acetic  acid : — . 

(i)  C4H,03.HjO  (2)  C4Ha04.H2  (3)  C4HaO.O,.H,0 

(4)  {C^H,)Cfi,.ll^O  (5)  (C,H.)C,04.H8  (6)  (CaH.O)CO,.H,0 

(7)  C^Hg .  O4  (8)  C2H4 .  O,  (9)  C4H.O, .  H,0, 
(10)  C4H2.O4H. 

To  choose  the  proper  formula  from  such  a  chaos  was  a  task 
possible  only  for  one  whose  foible  was  omniscience.  That 
formula  which  had  the  weight  of  authority  on  its  side  was 
accepted  as  correct. 
49  Lavoisier  had  regarded  oxygen  as  the  'acidifying  prin- 
ciple.' Hydrochloric  acid  was  undoubtedly  an  acid  sub- 
stance ;  therefore,  in  accordance  with  the  dictum  of  Lavoisier, 
it  contained  oxygen.  Davy's  study  of  this  compound,  and 
of  its  analogue  hydriodic  acid,  nevertheless  established  the 
fact  that  an  acid  can  exist  which  contains  no  oxygen.  The 
further  fact,  that  so  many  of  the  oxides — then  called  acids — 
exhibited  acidic  properties  only  in  presence  of  water,  led  Davy 
to  the  belief  that  very  many  acids  are  compounds  of  hydrc^en. 
Shaking  off  the  trammels  of  that  older  philosophy  which  re- 
garded the  introduction  of  undefined  'principles*  as  aflfording 
explanations  of  natural  phenomena,  Davy  said  that  acids  are 
not  characterised  by  the  invariable  presence  of  any  one  ele- 
ment, but  that  certain  compounds  of  very  diverse  elements 
belong  to  this  group  \ 

Dulong'  in  181 5  further  advanced  Davy's  conception  of 
acids   by  recognising  no  essential  difference  between  those 

^  For  an  account  of  the  important  work  of  Davy  on  the  noo-oxygenised  acid% 
and  the  arguments  of  his  opponents,  see  Ladenburg,  lac,  cH.  pp.  81 — 87. 
^  AfAft,  df  VAcad.  1813-^15,  p.  198:  and  Sckweigget^s  jMomai^  IT.  S99. 
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acids  which  contain  oxygen  and  those  which  do  not. 
Lavoisier's  hypothesis  was  not  however  generally  abandoned 
until  many  years  later. 

In  1837—38  Licbig',  following  up  Graham's  work  on 
phosphoric  acid',  distinctly  recognised  the  existence  of  're- 
placeable hydrogen'  in  acids,  whether  oxy-acids  or  acids 
containing  no  oxygen,  and  defined  salts  to  be  compounds  be- 
longing to  the  same  class  as  acids,  and  formed  by  putting 
a  metal  in  the  place  of  an  equivalent  quantity  of  hydrogen  in 
acids'. 

This  view  of  the  structure  of  salts  was  altogether  opposed 
to  the  dualistic  theory  of  Berzelius. 

50        Another  severe  blow  was  inflicted  on  the  prevailing  theory 
by  Faraday's  researches  on  electrolytic  decompositions. 

Faraday  shewed  that  the  quantities  of  various  elements 
set  free  from  different  electrolytes,  by  the  same  electric 
current,  were  chemically  equivalent  to  one  another:  thus 
for  each  two  parts  by  weight  of  hydrogen  set  free  from 
Hater,  there  were  obtained  16  parts  of  oxygen,  78'2  parts 
of  potassium,  6y$  parts  of  copper  from  persalts  and  127 
parts  of  copper  from  protosalts.  But  the  affinities  of  the 
atoms  of  the  various  electrolytes  were  undoubtedly  different 
in  each  combination.  According  to  Berzelius,  the  quantity 
of  electricity  collected  on  any  group  of  atoms  is  greater,  the 
greater  the  mutual  affinity  of  these  atoms ;  but  Faraday's 
experiments  shewed,  that  in  so  far  as  this  electricity  was 
measurable  by  electrolytic  decomposition,  (and  that  at  least 
comparative  measurements  should  be  thus  obtained  followed 
from  the  terms  of  the  dualistic  theory  itself),  the  quantity 
of  it  was  in  no  way  dependent  on  the  affinities  of  the  com- 
bining atoms'. 

1.         A  bold  and  partially  successful  attempt,  such  an  attempt 

'  Cfaipt.  rani.  B.  863  (with  Dumas):  and  Annalm.  36.  ii.i,  set  especially 
p.  tSi. 

»  Plot.  Tnuu.  for  IflSS.  ijj. 

1   Willi  oiiU   gEnerally,   Lnureiil,   Chtmual   A/ti/ioii,  j.|i. 

Sec  Helmholli.  'The  Faradiy  Leclure."     C.  S.  yournal,  Tiftiw.  for  1881. 
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be   made   only   by   a   man   of  preeminent   po« 
made  by  licrzeiius  to  found  chemical  classificat 
udy  of  composition   aione,  almost  wholly  divon 
study  of  function  or  power  of  doing.     As  his 
■came  greater  Berzclius  led  chemistry  further  fr 
rue  path  by  which  she  could  advance,  that  nam 
■xperimcnt,  and  reasoning  on  experimental  data, 
and.     And  yet  no  single  chemist  has  enriched 

■  the  addition  of  so  great  a  mass  of  laboriously  ; 

■  determined  experimental  data  as  he.     The  inte 
tinn  of  his  great  intellectual  powers  upon  one  v 
al  phenomena  led  Berzelius  to  disparage  the  reas 
>se  who  sought  to  view  these  phenomena  from  sU 
ler  than  his  own. 

g  those  who  recalled  chemistry  to  the  true  scieni 
)uma,s,  Laurent,  and  Gcrhardt  ^tand  preeminent 
■■,(/  Dumas  described  trichloracetic  acid,  obtained 
1  .if  chl.-rinL-  „n  acetic  acid.     The  new  compou 
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rule,  simply  related  to  one  another  by  reactions  of  formation 
and  decomposition  : — thus  acetic  and  chloracetic  acids  ;  chlo- 
roform, bromoform,  and  iodoform  ;  ethylene  and  its  chloro- 
derivatives,  &c.;  belonged  to  the  same  types,  or  as   Dumas 
said  to   tlie   same  'natural   families'.     Dumas  regarded   car- 
bonyl  chloride  as  derived  from  carbonic  anhydride  by  substi- 
tuting one  oxygen  by  two  chlorine  atoms ;  thus  COO  gives 
COCl, :   this  was  utterly  opposed  to  the  dualistic  view,  ac- 
■^Ording   to   which   the    formula    of    carbonyl    chloride   was 
^Britten  CO.  CCl,  because   every   compound    must   be  com- 
^Hbsed  of  two  parts,  one  of  which  is  electrically  positive  and 
^The  other  negative. 

52  The  new  school  of  chemists  naturally  opposed  the  con- 
ception of  compound  radicles,  a  conception  too  closely  asso- 
ciated with  those  dualistic  theories  they  were  leaving  behind 
to  find  favour  in  their  sight.  But  these  chemists  found  that, 
unless  substitution  of  simple  atoms  by  groups  of  atoms  were 
regarded  as  possible,  identity  of  type  could  not  be  maintained 
through  groups  of  compounds  undoubtedly  belonging  to  the 
same  natural  family. 

Inasmuch  as  the  new  chemistry  based  its  claims  to  re- 
cognition on  an  appeal  to  actual  reactions,  it  was  impossible 
that  it  should  long  refuse  to  recognise  the  conception  of 
compound,  as  well  as  simple,  radicles,  without  proving  false 
to  its  own  method.  Liebig  and  Wdhler,  in  their  researches 
on  oil  of  bitter  almonds,  explained  the  observed  reactions 
of  the  bodies  they  obtained  by  assuming  the  existence  of 
the  compound  radicle  bensiy^l  (=C„H,oO,)  in  these  bodies 
(see  Annakn,  3.  249). 

But  what  are  these  compound  radicles  which  the  chemists 
who  upheld  the  unitary  system  were  obliged  to  recognise, 
equally  with  their  opponents  who  supported  a  dualistic  theory? 
./Vre  they  definite  groups  of  atoms  always  existing  as  such 
in  compound  molecules,  or  are  they  only  convenient  methods 

If  expressing  and  generalising  reactions.* 
As   chemistry  advanced,  compound   radicles  came  to  be 
BRcrally  recognised   as   certain   groups  of  atoms,   in   com- 
Dund    molecules,   which   remain   undecomposcd   throughout 
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f  TL'actions  tiniicrfroiie  by  those  molecules'.     Tl 
Cekvili^   in    1857  citing  the  case  of  sulphuric  a/ 
hich    when   acted   on   by  zinc   gives   ZnSO,,  : 
fore  be  said  to  contain  the  radicle  SO,;  but  wl 
jy  phosphorus  pentachloride,  the  compound  SO. 
.■d,  lience   the   acid    may  be   said   to  contain 
'■<■ 

inception  of  types  was  destined  to  bear  much  fr 
.'fly  trace  its  development. 

and    Dumas   had    regarded   salts   as   substitu 
crivativcs  of  acids  ;  they  had  spoken  of  a  quani 
IS    taking   the   place  of  an  equivalent   quantity 

Dumas  had  even  ventured  to  regard  the  negat 
;  capable  of  replacing  an  equivalent  amount  of 
■drogcn.    In  doing  this,  these  chemists  had  retun 

conception — too  much  forgotten  by  the  Berzel 

L'qiii\alcntM  as  quantities  to  be  determined  by 
.uniiiii-. ;  Imt  they  h,iit  given  this  conception  fresh 

Pap.  11.  §53]  types.  121 

Now  if  the  reacting  unit  of  any  substance  is  possessed 
of  a  definite  atomic  structure,  only  those  bodies  can  be  said 
to  belong  to  the  same  type,  or  natural  family,  whose  re- 
acting units  are  built  on  a  similar  atomic  plan :  but  our 
only  method  of  discovering  similarity  of  structure  is  by  study- 
ing reactions;  hence  only  those  bodies  which  are  charac- 
terised by  similarity  of  chemical  function  ought  to  be 
classified  under  the  same  type'.  And  as  modification  of 
structure  has  been  recognised  as  not  necessarily  implying 
destruction  of  type,  it  follows  that  those  quantities  of  radi- 
cles, simple  or  compound,  are  equivalent,  which  can  perform 
similar  functions  in  similarly  constituted  compounds. 

At  last  a  method  of  chemical  classification  has  been  found 
by  Dumas,  Liebig,  Gerhardt,  and  Laurent,  which  when  more 
fully  developed  will  reconcile  those  who  regard  composition 
as  ail  important,  with  those  for  whom  function  is  supreme ; 
which  will  preserve  the  fundamental  conception  of  equiva- 
lent, but  interpret  it  in  terms  of  the  wider  theory  of  atoms ; 
and  which  will  recognise  the  connexion,  while  yet  empha- 
sising the  importance  of  the  difference,  between  the  atom  of 
Dalton  and  the  molecule  of  Avogadro. 

But  in  its  development  the  theory  of  types  must  neces- 
sarily be  largely  modified.  Classification  by  types  cannot  be 
final  in  a  science  which  has  advanced  so  far  towards  be- 
coming an  abstract  science  as  chemistry. 

"  By  the  classification  of  any  series  of  objects  is  meant  the  actual,  or 
ideal,  artangement  together  of  those  which  are  like  and  the  separation  of 
those  which  are  unlike ;  the  purpose  of  this  arrangement  being,  primarily, 
10  disclose  the  correlations  or  laws  of  union  of  properties  or  circumstances, 
and,  secondarily,  to  facilitate  the  operations  of  the  mind  In  clearly  con- 
ceiving and  retaining  in  the  memory  the  'character  of  the  objects  in 
question '."' 

Those  'properties  or  circumstances'  which  are  correlated 
must  be  such  as  are  really  characteristic  of  the  objects  clas- 
sified, they  must  be  essential  properties  of  these  objects,  not 
mere  surface  appearances;  they  must  be  capable  of  accurate 

'  See  cipccuilly  Laurent'^  Chrmical  Mttliffd,  pp.  598—300, 
W-  Siaoley  Jctohb  {modifying  the  words  of  Huxley),  Primifki  of  Stii 
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.  ;mi]  at  the  same  time  of  fairly  easy  rec<^nii 
property,   or   properties,   chosen    as   the   mar 
iiLst  belong  to  all  the  members  of  that  class. 
he    properties   of  a   type  are   necessarily  some 
iropertics   regarded    by   one  observer   as   cssenl 
;  to  the  type  may  by  another  be  regarded  as 
a   given    substance   may   possess    so   many  of 
y  of  the  type  as  at  one  time  suffices   to  ensur 
1   into  the  class,  but  at  a  future  time  new  pre 
be  discovered  which  necessitate  the  removal  ol 
■  to  a  class  whose  type  shews  considerable  d 
ini    that    under  which  the  substance  was  origii 

vLvy    elasticity,   and    even   vagueness,    of  the  Ui 
ensured  it  an   important  place  in  the  developi 

:ril  science. 
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tion  value'  of  these  atoms,  he  also  recognised  that  an  ele- 
mcntar)'  atom  may  have  more  than  one  'replaceable  value'. 
Odiing  applied  this  fruitful  conception  to  the  formula  of 
many  salts,  especially  the  phosphates,  and  succeeded  in 
shewing  analogies  until  then  overlooked. 

The  inherent  fascination  of  the  idea  of  the  compound 
radicle  may  be  realised,  by  considering  that  in  less  than 
twenty  years  after  Dumas'  discovery  of  the  chioracctic  acids, 
a  discovery  which  marks  the  beginning  of  the  revolt  against 
the  compound  radicles  of  dualism,  Kekule',  and  inde- 
pendently of  him  Couper',  (in  papers  of  the  greatest  im- 
portance) found  it  necessary  to  recall  chemists  to  the  con- 
sideration of  elementary  atoms  as  being  the  true  units  by  the 
combinations  of  which  all  compound  molecules  are  built  up, 
and  by  whose  properties  those  of  the  compounds  are  deter- 
mined. Couper  criticised  Gerhardt's  development  of  types, 
objecting  to  the  vagueness  of  the  idea  as  a  basis  for  classifi- 
cation; and  especially  opposing  Gerhardt's  opinion  that  the 
molecular  constitution  of  bodies  can  never  be  ascertained  by 
chemists.  "Would  it  not  be  rational,"  says  Couper,  "in  ac- 
cepting this  veto  to  renounce  chemical  research  altogether.'" 
Tliis  dictum  of  Gerhardt  is  to  be  traced,  in  Coupcr's  opinion, 
to  tJie  overdue  employment  of  compound  radicles,  to  for- 
getting that  these  can  have  no  properties  which  are  not 
"a  direct  consequence  of  the  properties  of  the  individual 
elements  of  which  they  are  made  up,"  and  hence  to  endow- 
:iii^  these  radicles  with  some  "unknown  and  ultimate  power 
,,  hich  it  is  impossible  to  explain."  Returning  then  to  a 
ludy  of  the  elements,  Couper  finds  chemical  affinity  as  a  pro- 
perty inherent  in,  and  common  to,  them  all ;  he  distinguishes 
'affinity  of  kind'  and  'affinity  of  degree;"  applying  the  latter 
to  carbon,  he  cites  the  oxides  CO  and  CO,  (in  his  notation 
C,0,  and  C,OJ,  the  former  expressing  the  first,  the  latter  the 
second  and  last,  degree;   CO,  is  "the  ultimate  affinity,  or 

tibining  unit,  for  carbon." 
Kekult^  in  1857,  and  more  especially  in  a  paper  published 


■  Attaa/tn  ([S;7l,104.  1 1.;. 

'  /Hi/.  yWai-.  (18.8)14],  le.  104. 
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185S',  a  paper  the  importance  of  which  can  h; 
itcd,  distinguishes    more  clearly  than   Couper 
ind'  from  'affinity  of  degree';  or  rather  he  di 
hemical  affinity  from  what  he  calls  the  'baiki 
both    conceptions   being   needed,    he   says,    for 
on   of  chemical  combinations.      Kekule  clearly 
i,  and  this  distinction  has  been  too  much  forge 
developments   of  chemical   theory,  between  < 
eights  of  elements,  and  equivalency  (or  basicitj 
■y    atoms;    he    shews    that    the    new    theorj-  t 
lite  entities,  called  atoms,  having  defined  propei 
.vith  'unit  weights."  and  that  it  is  these  atoms  w 
5es  to  compare  as  to  their  substituting  power  foi 
atom.     Having  shewn   that  one  atom    of  car 
our  knowledge  goes,  is  never  combined  with  r 
atoms  of  hydrogen  in  a  compound  molecule,  Ke 
1  tii^a  two  atoms  uf  carbon   do  not   bind  to  tl: 
..>n.'    Ih.m    six    atoms    of   hydrogen,   three   atom 

VALKNCV   OF   ATOMS.  I25 

eights  of  the  molecules  of  solid  or  liquid  substances ;  indeed 
the  term  molecule  is  used  with  a  strictly  definite  meaning 
only  when  applied  to  gases.  We  have  reason  to  believe  that 
the  ultimate  structure  of  a  mass  of  a  solid  or  liquid  is  much 
more  complex  than  that  of  a  mass  of  a  gaseous  substance; 
no  generalisations  have  yet  been  made  regarding  the  mo- 
lecular phenomena  of  solids  or  liquids  comparable  with  those 
which — under  the  names  of  the  laws  of  Hoylc,  Charles,  and 
Avogadro — have  been  made  regarding  the  molecular  phe- 
nomena of  gases.  We  must  recognise  the  limits  within  which 
an  hypothesis  regarding  atomic  structure  can  assist  advance; 
if  it  be  pushed  too  far  it  will  become,  with  some  a  dogma, 
with  others  a  thing  to  be  scorned. 

Consider  these  four  molecular  formula  HCI,  H,0,  H,N, 
H,Si.  It  is  seen  that  one  atom  of  chlorine  is  combined  with 
rme  atom  of  hydrogen  in  the  molecule  HCI,  that  one  atom  of 
iixygen  is  combined  with  two  atoms  of  hydrogen  in  the  mole- 
cule H,0,  that  one  atom  of  nitrogen  is  combined  with  three 
atoms  of  hydrogen  in  the  molecule  H,N,  and  that  one  atom 
of  silicon  is  combined  with  four  atoms  of  hydrogen  in  the 
molecule  H,Si.  Considering  the  molecular  formula  CIH, 
CI,Hg.  CI,Bi,  and  Cl,Sn,  it  is  seen  that  one  atom  of  hydrogen 
is  combned  with  one  atom  of  chlorine,  one  atom  of  mercury 
tt-ith  two  atoms  of  chlorine,  one  atom  of  bismuth  with  three 
atoms  of  chlorine,  and  one  atom  of  tin  with  four  atoms  of 
chlorine,  in  these  compound  molecules. 

These  facts  may  be  expressed  by  saying  that  the  atoms  of 
oxygen  and  mercury  are  divalent,  the  atoms  of  nitrogen  and 
bismuth  are  trivalent,  and  the  atoms  of  silicon  and  tin  are 
tetrtrt'alait ;  i.e.  so  far  as  the  data  at  present  before  us  are  con- 
cerned the  atom  of  oxygen,  and  tliat  of  mercury,  combines 
with  two  atoms  of  hydrogen  or  of  chlorine  ;  the  atom  of 
nitrogen,  and  that  of  bismuth,  combines  with  three  atoms  of 
hydrogen  or  of  chlorine;  the  atom  of  silicon,  and  that  of  tin, 
combines  with  four  atoms  of  hydrogen  or  of  chlorine,  to 
fonn  compound  molecules. 
3  But  these  terms  motiovaU-iit,  dh-aknl,  &c..  atoms  must  be 
■  imoreMrkUy  defined. 
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1  begin  by  attempting  to  define  the  expressio 
'/  atovi.     Let  those  atoms  which  combine  each  ■ 

not    more   than  one,   atom   of  hydrogen   to   ( 
loleciiles,  be  placed  together  and  called  monova 
~hcn  the  atoms  of  hydrogen,  chlorine,  bromine,  ioi 
\bly  Jliiorine.  are  monovalent ;  the  evidence  is 

of  the  gaseous  molecules  HH,  HCl,  HBr,  HI. 

the  non-existence  of  any  gaseous  molecules  c 
ii  single  atom  of  hydrogen,  chlorine,  bromine,  io. 
inc),  and  more  than  one  atom  of  hydrogen, 
ovalent  strictly  implies  that  all  the  atoms  to  wl 
ied  are  equivalent,  or  of  equal  value  in  cxcha: 
irtant  to  observe  that  as  regards  combination  \ 

of  hydrogen    to    produce    gaseous    molecules, 

chlorine,    bromine,    iodine,    and    probably   fluoi 
dent ;  but  that  it  is  quite  possible  that  these  at 
be   e(iiiiv;Llent,   or  of  equal    value   in   exchange 
ert-.. 

II.  §5*5] 
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iTANDARD   MONOVALENT   ATOMS;    H,    F,   CI,   Br,    I. 

MontTt'alent  atoms ;  i.e. 
ms  which  combine  with  one  standard  monovaloni  ntoni  lo  form  ] 

gnscaus  molecules  K,  Rb,  Ag,  Cs,  Hg.  Tl.  J 

Divalmt  atoms :  i.e. 
Corns  which  combine  with  two  M.mdnrd  manovalem  atoms  lo  Torm  1 
gnseous  molecules    O,  S,  Se,  le,  Be,  Cd,  7.n,  Hg,  Ss,  Fb,  Mn.  I 

il.     Trivalml  atoms ;  i.e. 

s  which  combine  with  thr<e  sland;ir(l  monovalcni  atoms  lo  form   | 
gaseous  molecules    B,  N,  Al,  P,  Cr,  As, 

Tetra-i-alettt  atoms ;  i.e. 
Boms  which  combine  with  four  standard  monovalent  atoms  to  form   i 
gaseous  molecules. ..C,  Si, Ti,Ge,Zr,V,Sn,Te,Th,  U,  Pb(j.  p.  rsS).  I 

Pentavatent  atoms  ;  Le, 
ns  which  combine  with  five  standard  monovalent  atoms  to  form 
gaseous  molecules P,  Nb,  Ta,  Mo,  W. 

Hcxavatent  atoms ;  i.e. 
IS  which  combine  with  six  standard  monovalent  atoms  to  form 

gaseous  molecules 

"he  data  on  which  this  classification  of  atoms  rests  are  ] 
tresented   in   the  folloiving  list  of  formula;  which  shew  the  1 
umpositions  of  all  gaseous  molecules  composed  of  one  of  I 
lie  !itandard  monovalent  atoms  combined  with  a  single  atom 
iny  other  element : — 

KI,  RbCI,   Rbl,  AgCl,  CsCl,   Csl,   HgCl,  TlCl ;    BeCI,, 
:  Hr..  OH„  0C1„  SH„  MnCt,,  SeH„  TeH„  TeCI,,  CdBr,, 
inCI,.  HgCI,,  HgBr,,  Hgl„  SnCl,,  PbCl,;  BF„  BC1„  BBr„ 
SU..  AlCI,.  PH,,  PCI.,  CrCl,,  AsH.,  AsCI,,  Asl„  SbCl,,  | 
^hl,.  BiCi,.  InCl,;  CH,,  CCI„  SiF„  SiCl.,  Sil,.  GeCl.,  Gel,,  ■ 
I  iCl.,  ZrCt.,  VC1„  SnCI.,  SnBr,,  TeCl,.  ThCl,.  UBr„  UCI,;  I 
1„  .\bCl„  TaCl.,  MoCl,,  WCl,;  WCI,. 
When  it  is  said  that  one  atom  is  combined  with  a  certain  J 
I'lmbcr  of   standard   monovalent   atoms,   direct   interaction 
*otwecn  these  atoms  in  the  molecule  is  assumed.     Thus  the 
■nt  that  one  atom  of  bismuth  is  combined  withj 
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■nt  atoms  of  chlorine  in  the  gaseous  molecule  ] 
that    in    this    molecule   there   is   direct   action 
of  some  kind    between    the  atom  of  bismuth 
:lic  atoms  of  chlorine.     It  might  be  that  the  i 
Ih    interacts    directly    with    one,    or    two,    atom 
ind  only  indirectly  with  the  other  atoms ;  but 
:hat  one  atom  of  chlorine  is  never  found  comb 
L-  than  a  singk-  atom  of  hydrogen,  bromine,  or  io. 
s  molecules  composed  of  any  two  of  these  elem 
ig,  that  is  to  say,  that  the  atom  of  chlorine  v 

monovalent,   the  simplest   hypothesis   is  that 
bismuth  interacts  directly  with  each  of  the  chic 

the  gaseous  molecule  BiCl,,  in  other  words,  that 
lismuth  is  trivalent  in  this  molecule. 
;roups  of  atoms,  methyl  CH,.  and  ethyl  C,H,, 
:!cd    as    monovalent,   inasmuch    as    each    comt 
,ind  not  more  than  one  of  the  standard  monova 

rorm  Ll^tscous  molecules'.      If  the  formulre  of  tl 

i'-"-§S7]  VALENCY  OF  ATOMS.  izd 

We  have  now  ^ned  definitions  of  the  terms  viontr.'alent, 
dhmUnt,  trivalent.  Sec.  as  applied  to  atoms.  The  atoms  of 
hydrogen,  chlorine,  bromine,  iodine,  (and  fluorine)  are  equi- 
valent in  this  respect  that  each  combines  with  one  . 
only  one  atom  of  hydrogen  to  form  gaseous  moleculeal 
these  atoms  are  therefore  taken  as  the  standard  montf 
^■tent  atoms. 

^HThe  valency  nf  any  other  atom  is  determined  by  finding 
^^  number  of  standard  monovalent  atoms  with  which  it 
I  eofnbines  to  form  gaseous  molecules,  the  maximum  valency 
being  mea.sured  by  the  maximum  number  of  these  standard 
monovalent  atoms.  It  is  certain  that  some  atoms  com- 
bine now  with  one  number,  and  now  with  another  numbeivj 
of  standard  monovalent  atoms,  to  form  gaseous  mole-l 
culcs. 

kThe  valency  of  the  atom  of  an  element  cannot  be  accu- 
iy  determined   except  at  least  one  gasifiable  compound 
been  obtained  composed  of  a  single  atom  of  the  element 
'  in  question  combined  with  standard  monovalent  atoms,  and 
with   such   atoms   only.     Thus   the  valencies  of  the   atoms 
of   alumtnitim,   iron,   copper,   and   gallium   cannot   be   defi- 
ivly  determined  from  considering  the  compositions  of  the 
".Kwing  gaseous  molecules; — A!,Brg,  Al,!,,  Fe,Cl,.  Cu,Cl,, 

Wc  might  now  define  the  valency  of  an  atom  to  be  the 
maximum  number  of  atoms  of  hydrogen,  fluorine,  chlorine, 
bromine,  or  iodine,  with  which  the  specified  atom  combines 
to  form  gaseous  molecules  ;  but  when  we  apply  this  definition 
we  find  it  too  limited.  An  examination  of  the  composi- 
tions of  the  gaseous  molecules  tabulated  on  p.  127  leads  to 
the  notion  of  a  limit  to  the  number  of  atoms  between  which 
direct  interaction  occurs  in  gaseous  molecules.  This  con- 
ception may  be  put  into  a  definite  form  of  words,  thus  ;  each 
atom  in  a  gaseous  molecule  can  directly  interact  with  a 
Ucuited  number  of  other  atoms.     From  this  conception  the 

Eition  of  valenc)-  easily  follows ;  l/ie  vaUmy  of  an  atom 
nunAtr  which  expresses  t/u  maximum  number  of  other 
t  htiwttn  which  and  tlie  specified  atom  there  is  direct  ittler- 
M.C  9 
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any  gaseous  molecule.     This  definition   furnishes 
working  hypothesis  in  all  attempts  to  learn  anyth 
ingcment  of  the  parts  of  molecules, 
lile  the  definition  of  valency  of  an  atom  is  wider 

I    think,   always    determine   the   valency   of  : 
atom    by  considering  the  compositions  of  gas© 

composed    only  of  that   atom   and   the   stand. 
It    atoms,    hydrogen,    fluorine,    chlorine,   bromi 
11.     If  a   specified    atom  combines   with   not  m 
andard  monovalent  atoms,  then   we   conclude  t 

M-iil  not  directly  interact  in  any  gaseous  molcc 
J  than  n  atoms  of  any  element.     The  greater  i 
r  gaseous  molecules  composed  of  the  specified  a^ 
s  of  hydrogen,   fluorine,  &c.  which  have  been  t 
he  greater  is  the  probability  that  the  value  of 
tlie  true  maximum  valency  of  the  atom  in  questii 
iIM.so  that  the  gaseous  molecules  SnCI,  and  Snl 
\Mv.n.   the    existence  of  the  molecule  SnCl,  wol 
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of  the  hypothesis  of  valency  become  merely  amusing  exer- 
cises of  fancy. 

When  therefore  it  is  said  in  this  book  that  the  atom  of 
a  certain  element  is  n  valent,  the  statement  is  to  be  un- 
derstood as  asserting,  (l)  that  one  or  more  gaseous  molecules 
are  known  composed  of  a  single  atom  of  the  specified  element 
combined  with  «  atoms  of  hydrogen,  fluorine,  chlorine,  bro- 
mine, or  iodine ;  {2)  that  no  gaseous  molecule  is  known 
composed  of  a  single  atom  of  the  specified  element  and 
more  than  h  atoms  of  hydrogen,  fluorine,  &c  ;  and  (3)  that 
in  discussions  regarding  the  arrangement  of  the  parts  of 
molecules  of  which  the  specified  atom  forms  a  constituent, 
we  shall  assume  that  direct  interaction  occurs  between  the 
specified  atom  and  not  more  than  n  other  atoms  of  any  kind. 
8  Such  a  statement  as  'the  atom  of  phosphorus  is  trivalent 
in  the  molecule  PClj,"  or  'the  atom  of  carbon  is  trivalent  in 
the  molecule  CiH,,'  asserts  that  the  atom  named  directly 
interacts  in  the  specified  molecule  with  three  other  atoms ; 
such  statements  do  not  assert  that  the  maximum  valency 
of  the  specified  atom  is  defined  by  its  actual  valency  in  the 
particular  molecule  referred  to.  Such  a  statement  as  'the 
atom  of  arsenic  is  trivalent'  implies  that  the  maximum 
valency  of  this  atom  is  three, 
►  The  atoms  of  hydrogen,  fluorine,  chlorine,  bromine,  and 

iodine  were  placed  in  one  class  and  said  to  be  equivalent, 
because  each  combines  with  a  single  atom  of  hydrogen  to 
:"  -rm  gaseous  molecules.  The  atoms  of  37  other  elements 
■'.ere  then  arranged  in  classes,  and  the  members  of  each  class 
■\cre  said  to  be  equivalent  because  they  all  combine  with 
:  'le  same  number  of  atoms  of  hydrogen,  or  fluorine,  or 
liiorine,  or  bromine,  or  iodine,  to  form  gaseous  molecules. 
^'lie  conception  of  equivalency  has  evidently  been  widened  ; 
I  atom  of  hydrogen  is  regarded  as  equivalent  to  an  atom 
r  chlorine  not  only  as  regards  the  combination  of  each  with 
[j'drogcn  atoms,  but  also  as  regards  the  combination  of 
=ach  with  certain  other  atoms.  Then  the  notion  of  equiva* 
3ic>'  was  yet  further  widened,  and  it  was  said  that  all  atoms 
hich  are  equivalent  in    respect  that   they  combine  with  f 


ATOMIC   AND   MOLECULAR   SYSTEMS.  [BOI 

Ihydrogcn,  fluorine  &c.  are  also  equivalent  in  re! 

■  directly   interact   with  n   atoms   of  any   kin 

Inolecules.     The  words  equivalent  to  have  been 

/idcning  meaning.     It   might  be,  and  it 

1  been,  urged  that  to  say  that  an  atom  is  divi 

me  thing  as  to  say  that  the  atom  is   equivaler 

ivalent  atoms.   Thus,  to  say  that  the  atom  of  ox; 

It,  it  may  be  argued,  is  an  assertion  that  one  ■ 

i.s  equivalent  to  two  atoms  of  hydrogen,  flue 

L-  are  careful   to  recall  the  exact  meaning  of 

ivalent  to  in  this  statement,  then,  it  seems  to 

lalid  objection  can  be  brought  against  the  stateu 

\  words  equivalent  to  here   mean,  contbities  witi 

■  of  standard  monovalent  atoms   as;    no  ( 

Iquivalency  between  one  atom  of  oxygen  and 

hydrogen,  &c.  is   asserted.     But  the  limitatio 

\vj,  of  thi;  term  equivalent  in  connexion   with 

ims  has  bcL-n  too  much    forgotten.     Thi 
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of  the  divalent  oxygen  atom,  and  that  in  the  molecule  CO, 
all  the  affinities  of  the  carbon  atom  are  satisfied  by  the  four 
valencies  of  the  two  oxygen  atoms.  These  assertions  were 
embodied  in  the  symbols  C  =  0  and  0  =  C  =  0.  Similarly, 
the  symbols  H,  =  C  =  C  =  H,  and  H  —  C  =  C  —  H  were  used 
to  represent  the  distributions  of  the  units  of  affinity,  or  the 
valencies,  of  the  atoms  of  carbon  and  hydrogen  in  the  mole- 
cules C,Hj  and  C,H,.  Then  such  phrases  as  'carbon  atoms 
linked  by  double  and  treble  bonds'  and  'doubly  and  singly 
linked  carbon  atoms'  were  employed. 
51  What  definite  meanings  can  be  given  to  such  expressions 
and  such  symbols  ? 

(i)     The  statement'   that  an   atom  of  carbon   has  four 

walencies  or  four  units  of  affinity  cannot  mean  that  the  force 

r  affinity  of  a  carbon  atom  is  divided  into  four  parts  within 

lat  atom,  for  'force'  has  no  meaning  apart  from  two  or 

ore  reacting  bodies:  force  is  a  name  given  by  one  of  the 

[ties  to  a  transaction,  but  a  transaction  involves  at  least 

}  transacting  parties.     The  force  between  a  carbon  atom 

J  another  atom  must  vary  with  external  conditions,  prob- 

bly  with  the  distance,  the  mass,  and  the  chemical  nature, 

■  vague  term  but  perhaps  as  good  as  can  be  given  at  present) 

f  both  atoms. 

(2)  The  carbon  atom  has  four  equivalencies,  or  four  units 
[finity.     This  cannot  mean  that  four  parts  of  the  carbon 

»m  are  chemically  active, and  the  other  parts  inactive:  such 
1  hypothesis  leads  at  present  to  contradictions  (see  appendix 

>  Section  4);  moreover  in  the  present  state  of  knowledge  it 

I  inadvisable  to  hazard  hypotheses  as  to  the  inner  structure 

f  of  atoms  in  order  to  explain  chemical  phenomena.     Atoms 

may  not  be  homogeneous,  but  at  present  they  are  the  ulti- 

late  particles  to  be  considered  in  chemical  changes. 

(3)  The   expression   under  consideration   cannot   mean 
tat  the  chemical  energy  of  a  carbon  atom  is  divided,  or  is 

L  paper  of  llie  grealesi  imporlsnce  entilled  '  Uc1«T  die  Venheilung  der 
a  dec  Molekel,'  by  W.  Lossen,  appeared  in  Aanalen,  3M.  ]6j.  I  hive 
c  luc  of  lhi$  p>pei  ID  the  present  cbaplec.    (bee  aha  Clnus,  Brr.  li. 
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/isible,  into  four  parts.  What  is  to  be  the  ua 
ivork  ?  the  mass  of  matter  fixed  by  a  given  at 
n  is  the  equivalency  between  one  atom  of  ox] 
nass  16  and  two  atoms  of  chlorine  with  the  mass 
bon  atom  combine  with  four  hydrogen  atoms 
nical  energy  of  the  atoms  disappears;  let  a  ca: 
bine  with  two  atoms  of  oxygen,  the  total  chen 

the  atoms  again  disappears:  but  if  the  carbon  3 
four  •  units  of  atSnity,'  the  oxygen  atom  two  M 
■,'  and  the  hydrogen  atom  one  '  unit  of  affinity, 
brmation  of  the  two  compound  molecules  ougl 
assuming,  of  course,  that  the  heat  produced  wher 

CH^  and  COj  are  formed  from  atoms  of  carbon 
,  and  carbon  and  oxygen,  respectively,  measure; 
of  chemical  encrgjr  which  occurs  in  these  proce 
iffoi-cnces  between  the  heats  of  formation  of  ca 
Js  ;^hew  that  the  expression  '  the  carbon  atom 
i  of  alTinity'  cannot  mean  that  the  chemical  en 
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link'  would  mean  that  mutual  action  occurs  between  the  two 
atoms  thus  linked  at  two  of  these  positions;  e.g.  the  formula 
0  =  C  =  0  would  mean  that  in  performing  a  vibration  the 
carbon  atom  acts  twice  on.  and  is  twice  acted  on  by,  each 
oxygen  atom.  But  if  so,  surely  a  "double  link'  would  imply 
molecular  stability,  whereas  it  frequently  means  the  reverse', 
J2  But  although  we  cannot  form  a  clear  physical  conception 
of  the  meaning  of  the  phrase  'the  carbon  atom  has  four 
bonds,'  and  although  such  formulEe  as  C  =  0,  0  =  C  =  0, 
H,C  =  CH,,  and  HC  =  CH,  which  spring  from  the  notion  of 
atomic  bonds,  fail  to  call  up  in  the  mind  clear  images  of  the 
things  they  are  meant  to  represent,  nevertheless  it  may  be 
ufiged  that  inasmuch  as  the  properties  of  such  molecules  as 
CO,  CO,.  C,H,,  and  C,H,,  shew  that  the  diemical  functions 
of  the  atoms  of  carbon  vary  in  different  molecules  all  of 
which  are  composed  of  carbon  and  hydrogen  atoms  only 
or  of  carbon  and  oxygen  atoms  only,  it  is  convenient  to 
express  such  variations  of  function  in  our  nomenclature  and 
notation,  and  that  the  expressions  '  singly,  doubly,  and  trebly, 
linked  carbon  atoms,'  and  the  symbols  C-C,  C  =  C,  and 
C  =  C,  are  convenient  for  this  purpose. 

The  importance  of  expressing  undoubted  chemical  facts 
in  simple  terms  and  of  representing  these  facts  in  consistent 

'  A  view  different  from  any  of  Ihe  prcceiliiiE  b"s  been  suggested  by  Pickering 
(C-  S.  Ptk.  18M.  ijj),  and  also  by  Armstrong  [Prm.  -?.  i'.  U86.  1681  NaCurt, 
38.  570) ;  but  ihe  view  appears  to  me  lo  involve  ihe  use  of  the  term  valincy  as 
synonymous  willi  affimly  af  atoms,  and  thereroie  lo  call  for  discusMon  mlhei  in  the 
chapter  on  affinity  than  in  the  present  place.  In  hii  AnrUkten  iiker  dir  argaHiseMi 
CAtmit  (put  I.,  pp.  1—5),  van'l  Hoff  regards  Ihe  chemical  inleractions  of  atoms  as 
B  consequence  of  gravitation.  He  shews  that  if  Ihe  form  of  an  nloin  is  not  spherical 
the  intensity  of  tie  attraction  of  Ihal  atom  for  other  atoms  must  be  marked  by  a 
definite  number  of  manmuni  points  on  the  surface  of  the  atom,  which  maxima 
depend  on  the  form  of  the  atom,  and  may  have  diSeient  values.  The  number  of 
these  miiimn  it  regarded  by  vin't  Hoff  as  expressing  the  valency  of  the  atom.  As 
ilie  olom  vibrates  its  form  wilt  undergo  change :  hence  the  valency  of  an  atom  may 
my  with  vaiialioiis  in  ibe  state  of  motion  of  the  atom,  and  these  variations  will  be 
conililioneil  by  Cempenlure.  nearness  to  other  atoms,  &c.  On  this  view,  a  combina- 
tion ofatoms,  that  isa  molecule,  must  possess  a  certain  valency,  which  is  conditioned 
by  (he  special  Miangnnent  of  its  parts,  but  is  not  necessarily  the  same  as^he 

Ey  of  any  of  theie  pans.    On  the  subject  of 'double  bonds'  lee  also  appendix 
lion  4  of  this  chapter. 
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formula:  is  admitted  by  all  chemists.  Those  chemists  whu 
oppose  the  use  of  formula;  and  terms  based  on  the  hypothcas 
of  atomic  bonds  assert,  and  I  think  rightly  assert,  that  the 
facts  supposed  to  be  expressed  by  single,  double,  and  treibk 
Unkings  are  more  simply  and  as  forcibly  expressed  by  tor- 
muls  arising  out  of  the  three  fundamental  notions  of  atomic 
valency;  which  are  (i)  that  each  atom  in  a  molecule  directlj* 
interacts  with  a  limited  number  of  other  atoms ;  {2)  tliat  the 
maximum  number  of  atoms  with  which  any  specified  utoin 
directly  interacts  is  measured  by  the  maximum  number  of 
atoms  of  hydrogen,  fluorine,  chlorine,  bromine,  or  iodine. 
with  which  the  atom  in  question  combines  to  form  a  gaseous 
molecule;  and  (3}  that  an  atom  may,  and  frequently  does, 
directly  interact  with  a  smaller  number  of  other  atoms  tlian 
is  expressed  by  its  maximum  valency.  Instead  of  saying, 
'  the  two  carbon  atoms  in  the  molecule  of  ethane  CC,HJ  are 
singly  linked,  the  two  carbon  atoms  in  the  molecule  of 
ethylene  (C,H,)  arc  doubly  linked,  and  in  the  molecule  of 
acetylene  (C|,H,)  the  two  carbon  atoms  are  treblj'  linked,' 
these  chemists  say,  '  the  molecule  of  ethane  contaitts  a 
pair  of  tetravalent  carbon  atoms,  the  molecule  of  ethylene 
contains  a  pair  of  trivalent  carbon  atoms,  and  the  molecule 
of  acetylene  contains  a  pair  of  divalent  carbon  atoms';  and 
instead  of  the  symbols  H,C  =  CH,  and  HC  =  CH,  they  use 
the  symbols  H,C-CH,  and  HC-CH.  All  that  is  expressed 
or  suggested  by  the  first  pair  of  forraulai  is  expressed  and 
suggested  by  tlie  second,  and  the  latter  have  the  great 
advantage  of  being  based  on  a  definite  and  self-consistent 
hypothesis  of  atomic  valency,  whereas  the  former  rest  to  a 
great  extent  only  on  words  and  phrases. 

The  expressions  "  single,  double,  and  treble  linkinfrs.' 
'mutual  satisfaction  of  units  of  affinity,' and  the  like,  imply 
the  possession  of  knowledge  which  at  present  we  do  not 
possess. 

The  notion  of  units  of  affinity,  or  valencies',  or  bonds, 
has  been  carried  too  far.     It  appears  at  first  sight  to  give 

'  Ii  U  liTiiKitUnt  Id  illsUnt.'uial 


a  dynamical  explanation  of  the  structure  of  molecules,  but 
it  has  foi^otten  the  two-sidedness  of  atomic  transactions;  it 
apparently  affords  a  means  of  measuring  atomic  forces,  but 
it  has  used  a  unit,  undefined  except  as  a  quantity  changeable 
at  pleasure:  it  appears  to  simplify  chemical  formulze,  but  it 
has  really  made  them  harder  to  understand  by  grafting  on  to 
the  definite  conception  of  atom  the  vague  and  unnecessary 
notion  of 'bond." 
53  The  valencies  of  the  atoms  of  about  three-fifths  of  the 
elements  can  be  regarded  as  fairly  well  established.  The 
data  required  for  determining  the  valency  of  an  elementary- 
atom  are,  the  analysis,  and  determination  of  the  molecular 
weight,  of  more  than  one  gasifiable  compound,  the  molecule 
of  each  of  which  compounds  is  composed  of  a  single  atom  of 
the  specified  element  combined  with  monovalent  atoms  only, 
that  is  combined  with  atoms  of  hydrogen,  chlorine,  bromine, 
iodine,  or  fluorine,  only. 

Many  non-gasifiable  compounds  containing  monovalent 
atoms  combined  with  atoms  of  a  single  other  element  are 
known  (e.g.  many  metallic  haloid  compounds):  if  the  reacting 
weights  of  these  solid  compounds,  as  deduced  by  the  aid  of 
considerations  such  as  those  sketched  on  pp.  78 — 85,  are 
assumed  to  be  the  true  relative  weights  of  the  molecules  of 
these  compounds ;  and  if  those  generalisations  which  have 
/  been  made  concerning  the  arrangement  of  atoms  in  gaseous 
molecules  are  assumed  to  hold  good  for  the  reacting  weights 
of  solids  also;  then  the  valency  of  many  elementary  atoms 
not  included  in  the  table  on  p.  iiy  can  be  determined. 
Thus,  if  we  assume  that  the  general  formula  MX  represents 
the  atomic  structure  of  the  molecules  of  the  solid  haloid 
salts  of  the  alkali  metals,  (M  =  K,  Na,  Li,  &c.  and  X  =  F, 
CI.  Br,  or  I)  then  the  atoms  of  these  metals  arc  most 
probably  monovalent.  Most  of  the  generally  accepted  for- 
mulae for  salts  of  alkali  metals  may  be  written  with  the 
atoms  of  these  metals  represented  as  each  in  direct  com- 
bination with  only  one  other  atom ;  but  whenever  this 
arrangement  has  become  somewhat  unsatifactory  chemists 
ave   not  hesitated  to  assume  that  the  atoms  of  the  alkali 
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metals  may  be  tri-  penta-  or  even  heptavalent,  i.e.  may  each 
act  on,  and  be  acted  on  by,  3,  5,  or  7  other  atoms.  So  with 
other  elements ;  from  a  consideration  of  solid  or  liquid  com- 
pounds only  no  trustworthy  conclusions  as  to  the  valencies  of 
the  atoms  in  the  molecules  of  these  compounds  can  be  deduced. 
It  is  so  easy,  after  making  the  two  fundamental  assumptions 
stated  above,  to  make  an  indefinite  number  of  further  assump- 
tions; it  becomes  so  pleasant  to  manipulate  formulae  on 
paper,  that  it  is  certainly  better,  in  the  present  state  of 
knowledge,  to  determine  the  valencies  of  atoms  altogether 
from  the  study  of  gaseous  molecules.  It  is  very  probable 
that  the  valency  of  the  elementary  atoms  varies  periodically 
with  variations  in  the  relative  weights  of  these  atoms :  if  this 
general  statement  is  thoroughly  established,  the  exact  nature 
of  the  periodic  function  is  determined,  and  the  true  atomic 
weights  of  all  the  elements  are  fixed,  we  shall  have  in  the 
Periodic  Law  a  most  important  method  for  determining 
atomic  valencies.  But  a  great  deal  of  work  must  be  done 
before  this  *  law '  can  be  applied  otherwise  than  generally  and 
tentatively  to  questions  of  valency  (see  chap.  III.  par.  1 14). 

Section  IV.    AUotropy  and  Isomerism. 

64  Having  gained  the  conception  of  a  molecule  as  composed 
of  atoms  each  directly  interacting  with  a  definite  number  of 
other  atoms,  we  at  once  regard  the  molecule  as  a  structure ; 
we  recognise  what  Frankland  in  1852  happily  called  'limited 
molecular  mobility.*  A  structure  involves  arrangement  of 
parts  and  subordination  of  less  to  more  important  parts ;  it 
supposes  the  existence  of  definite  actions  for  fulfilling  which 
the  structure  is  adapted ;  in  a  word,  structure  means  cor- 
relation of  properties  with  material  configuration  ^ 

^  When  'arrangement  of  atoms  in  the  molecule'  is  spoken  of,  or  when  a 
similar  phrase  is  used,  it  is  to  be  taken  as  impl3ring  only  a  rough  approximatioQ 
to  a  knowledge  of  atomic  arrangements.  Structural  formulae  sum  up  fi^ts  oC 
formation  and  decomposition,  and,  assuming  the  fundamental  positions  of  the 
molecular  and  atomic  theory,  and  also  the  hypothesis  of  valency,  these  fonmibe 
exhibit,  in  a  rough  and  general  way,  connexions  between  these  fiMts  and  tke 

ctions  of  the  mutual  interactions  of  the  atoms  hi  the  m<^eciiles  of  the  oompoaidi 
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And  when  we  consider  the  properties  of  individual  mole- 
i  the  justness  of  thus  regarding  each  as  a  definite  atomic 
ucture  becomes  more  apparent.  We  find  many  compound 
molecules  composed  of  the  same  number  of  the  same  atoms 
and  yet  exhibiting  markedly  different  chemical  and  physical 
jiropcrtics,  Lc.  we  find  tlic  phenomenon  of  Isomerism :  how  can 
we  account  for  this  except  by  assuming  (1)  that  each  mole- 
cule has  a  definite  atomic  structure,  and  (2)  that  the  same 
atoms  may  be  differently  arranged  in  different  molecules  ? 

i&  A  knowledge  of  the  atomic  configurations  of  series  of 
molecules,  supposing  this  to  be  gained,  must  be  supplemented 
by  a  knowledge  of  the  way  in  which  the  energy  of  each 
molecule  varies  with  variations  in  the  configuration  and 
motion  of  its  constituent  atoms,  before  a  complete  knowledge 
of  the  dynamical  properties  of  these  molecules  is  possible. 
Hut  chemistry  is  yet  far  from  this  goal ;  she  is  obliged  to  be 
content  with  a  very  partial  and  sometimes  very  vague  know- 
ledge concerning  the  atomic  configurations  of  a  few  mole- 
cules ;  she  has  hardly  entered  on  the  second  part  of  her  task. 

66  Granting  then  that  variations  in  the  properties  (chemical 
and  physical)  of  molecules  accompany  variations  in  the  con- 
figurations of  the  atoms  which  build  up  these  molecules,  it  is 
conceivable  that  the  latter  variations  may  consist  in 

^(I)  variations  in  the  relative  positions  of  the  atoms, 
(2)  variations  in  the  distances  between  the  atoms,  their 
relative  positions  being  constant. 
To  illustrate  this  point  let  us  take  the  molecule  C,HjO. 
More  than  one  compound  exists  the  molecules  of  which 
have  the  atomic  composition  expressed  by  this  formula.  On 
the  first  assumption,  viz.  that  variation  of  properties  is  to  be 
correlated  with  variations  in  the  relative  positions  of  the 
atoms  in  the  molecule,  the  atoms  being  represented  as  arranged 
all  in  the  same  plane,  we  find  that  there  are  two  possible 
arrangements  of  two  carbon,  six  hydrt^en,  and  one  oxygen, 

farmiBUlcd,  the  oloms  being  tcpicscnted  in  the  fonnolac  aa  titaalcd  kll  in  the  mrae 
o  Ulemjil  is  niule  iu  tlieM  Ibnnula:  to  expren  quanllutive  roeawre- 


I40  ATOMIC   AND   MOLECULAR   SYSTEMS.  [BOOK  U 

atoms  (assuming  the  valency  of  the  carbon,  hydrogen,  and 
oxygen  atom  to  be  4,  1,  and  2  respectively),  viz. ; 

(rt)  H      H  !6)  H  H 

II  II 

H  — C  — C— Q  — H,  H  — C— O-  C  — H. 

II  II 


Hence,  on  the  first  assumption,  two  compounds  each 
having  the  composition  expressed  by  the  empirical  fonQula 
C,H,0  may  exist. 

But  if  we  make  the  second  assumption,  viz.  that  variation 
of  properties  is  to  be  correlated  with  variations  in  the  dis- 
tances between  the  atoms  in  the  molecule,  the  relative  posi- 
tions of  these  atoms  remaining  unchanged,  we  may  have 
an  apparently  unlimited  number  of  compounds  of  the  for- 
mula C,H,0 ;  such  compounds  might  perhaps  be  repre- 
sented in  this  way  :— 

la)        H     H                                 {*)           H     H 
II                                                 II 
H  — C  — C  — 0  — H,  H C-C O  — H, 

II  [        I 


I  I 

H— C-^ -C  -O  — H, 

1  I 

H  H 

and  so  on. 

Now  as  only  two  compounds  having  the  composition 
C,HgO  are  known  to  exist,  we  have  a  presumption  in  favour 
of  the  first  supposition-,  much  stress  cannot  however  be  laid 
on  this  argument.  Moreover  if  the  second  of  the  two  suppo- 
sitions is  correct,  then  any  molecule  composed  of  two  atoou 
should  be  capable  of  existing  in  more  than  one  modification; 
in  other  words,  every  diatomic  molecule  should  be  capable 
of  shewing  isomerism.  But  there  is  no  certainly-established 
instance  of  isomerism  exhibited  by  a  molecule  composed 
of  less  than  three  atoms  ;  therefore,  as  the  assumption  thai 
variations  of  properties  exhibited  by  compounds  having  tiB 
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same  composition  and  the  same  molecular  weight  are  con- 
nected with  variations  in  the  relative  positions  of  the  atoms 
composing  the  molecules  of  these  compounds  suffices  to 
explain  the  vast  majority  of  well-authenticated  cases  of  iso- 
merism among  gaseous  molecules,  we  conclude  that  it  is 
better,  at  any  rate  at  present,  to  build  the  general  theory 
of  isomerism  on  this  hypothesis'. 
J7  But  before  more  fully  considering  this  subject,  it  will  be 
well  to  glance  at  the  allied  phenomena  of  allotropy  and 
polynurism. 

The  table  on  p.  45  shews  that  of  the  sixteen  elements 
whose  molecular  weights  have  been  determined  by  the  help 
of  Avogadro's  law,  six,  viz.  oxygen,  sulphur,  selenion,  iodine, 
phosphorus,  and  arsenic  (probably  bromine  also),  possess  a 
smaller  molecular  weight  at  high  than  at  lower  tempera- 
tures:— the  number  of  atoms  in  the  molecule  of  oxygen 
at  temperatures  below  about  300°  and  under  special  con- 
ditions is  3,  at  temperatures  above  300°  it  is  2  ;  the  molecule 
of  sulphur  at  temperatures  not  much  higher  than  the  boiling 
point  of  that  element  is  composed  of  6  atoms,  and  at  some- 
what higher  temperatures  of  2  atoms ;  the  number  of  atoms  in 
the  molecule  of  selenion  varies  from  3  to  2,  in  the  molecule 
of  iodine  (and  probably  also  in  that  of  bromine)  from  3  to  1, 
and  in  the  molecules  of  phosphorus  and  arsenic  from  4  to  2, 
according  to  temperature.  We  know  that  the  properties  of 
the  triatomic  molecule  0^  differ  much  from  those  which  cha- 
racterise the  diatomic  molecule  O, ;  no  experiments  have 
been  made  to  compare  the  properties  of  the  hexatomic  with 
those  of  the  diatomic  molecules  of  sulphur,  of  the  triatomic 
with  the  diatomic  molecules  of  selenion,  of  the  diatomic  with 
the  monatomic  molecules  of  iodine,  or  of  the  tetratomic 
with  the  diatomic  molecules  of  phosphorus  or  arsenic. 

Of  the  15  or  r6  nonmetallic  elements,  phosphorus   and 


>  Tbe  supposition  thftC  iiomerism  may  be  due  lo  varialions  in  the  di&lancei 
liijiwccn  alDins  (he  relative  pcuilions  of  which  remain  unchanged,  nppears  to  be 
,'paM<i  tu  the  resutu  of  physical  experimenls  which  are  in  agreemenl  with 
fieiloctiocs  made  from  the  kinetic  theory  of  gases.    See  Losten,  AtmaUn.  aot> 
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arsenic,  boron,  carbon  and  silicon — besides  sulpbur  and  scle- 
nion — exhibit  marked  variations  in  physical  and  chemical 
properties  when  in  the  solid  slate.  We  arc  not  justiAoI 
in  unconditionally  asserting  that  these  variations  of  pro- 
perties accompany  differences  in  the  atomic  configurations 
of  the  molecules,  or  differences  in  the  numbers  of  atoms  in 
the  molecules,  of  red  and  yellow  phosphorus,  or  of  octahc 
dral  and  prismatic  sulphur,  &c.  When  the  dtflTcrcnces  in 
properties  are  chiefly  physical  (e.g.  differences  in  crystalline 
form,  in  specific  gravity,  in  melting  points,  &c.),  they  verj' 
probably  may  be  correlated  with  differences  in  the  molecular, 
rather  than  in  the  atomic,  configurations  of  the  various  modi- 
fications of  the  element  in  question  '. 

Be  this  however  as  it  may,  the  differences  experimentally 
shewn  to  exist  between  the  properties  of  the  molecules  of 
gaseous  oxygen  and  ozone  are  explicable  in  terms  of  the 
molecular  theory  only  by  admitting  that  the  properties  of 
a  molecule  are  dependent  not  only  on  the  nature  but  also 
on  the  number  of  the  atoms  which  compose  it*. 
)6  The  names  aUotropy  and  polymerism  are  applied  to  ana- 
Ic^ous  phenomena  exhibited  by  elements  and  compounds 
respectively'.      In   the   preceding   paragraph   we   have    had 

'  See  -Seclion  6  ofptesenl  chapler. 

'  li  oughi  to  be  noled  thai  change  from  one  allolropic  rorm  to  aiiDtWr  h 
Accompanied  by  pnxluclion  or  dtMppearance  of  beat:  see  jKW/,  chap.  IT.,  [Mt.  llji 
There  are  some  iiitereating  observalions  bearing  on  Ihe  subjecl  of  alliXnfiy  \rf 
W.  Spring  in  the  Btriehtt  [see  especially  16.  looi — j].    Spring  tiniU  (hat  nbtn  aa 
element  which  cxhibiis  allotropy  is  subjected  to  greal  pi^Bim.  that  moililtiiiri.'D 
which  hu  Ihc  grealesl  specific  gravity  is  proiluced.   Yellow  phi>.|'! 
inio  red  by  compressioni  red  phosphorus  anil  wlphur  rfo  not  <.<!\- 
to  i6a",  i.e.  to  the  temperalure  al  which  red  i»  changed  loyell^" 
phosphorua  doa  not  combine  with  sulphur  wlicn  the  two  ..t 
pressure  of  fijoo  atroospheies,  at  which  premuit:  many  mui.!' 
piwluced.     Hence  tipting  concludes  that  red  phosphonit  ii  Ic 
getic  ihui  yellow;  nnJ  generally  that  ihe  more  a  Golid  nih.L. 
denw  the  more  is  iu  chemical  activity  decreaie<t     Red  phoipliuiu>  i 
a  fuilymetidi  of  yellow  phosphorus. 

'  The  lerm  atlatrtfy  ii  Bonieiimcs  applied  to  compounda  at  well  u 
to  expreaa  the  existence  of  two  ur  more  forms  of  the  same  Eulid  con 
anenidua  oxide  cryilatliK*  in  iwiiilliiincl  fiinni'.  and  the  change  front  o 
the  other  i\  lomelimet  tali)  to  In  an  allottopic  changv.    .iUMnfy  •* 


ll  is  sjrnunji^nH 
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examples  of  allotropy,  let  us  now  consider  a  few  examples 
of  polymerism. 

If  two  molecules  exist  consisting  of  the  same  elementary 
atoms  but  one  heavier  than  the  other,  the  heavier  molecule  is 
said,  in  certain  cases,  to  be  a  'polymeric  modification'  or 
a  'polymeride'  of  the  other:  thus  C,,H„  is  a  polymeride  of 
C,H,o,  C„H„  is  a  polymeride  of  CuH,,.  H,C,NjO,  is  a  poly- 
meride  of  HCNO,  C,H„0,  is  a  polymeride  of  C,H,0.  Glu- 
cose. jC,H„Og,  is  not  however  regarded  as  a  polymeride  of 
acetic  acid,  C,H,0,:  the  name  is  restricted  to  those  mole- 
cules whose  mass  is  a  multiple  of  that  of  other  molecules, 
and  which  are  obtained  by  simple  reactions  from  these  other 
molecules.  Thus  ethaldehyde,  C,H,0,  is  easily  polymerised 
(e-£-  by  the  action  of  a  very  little  hydrochloric  or  sulphuric 
acid)  with  formation  of  parcthaldehydc,  QH^O,:  but  the 
latter  body  is  not  directly  obtainable  from  ethylene  oxide, 
although  the  molecule  of  this  compound,  like  that  of  ethalde- 
hyde, is  composed  of  2  atoms  of  carbon,  4  of  hydrogen,  and 
I  of  oxygen  ;  therefore  parethaldehyde  is  not  called  a  poly- 
meride of  ethylene  oxide. 

But  few  examples  of  undoubted  polymerism  are  fur- 
nished by  compounds  of  the  elements  other  than  carbon : 
one  of  the  most  marked  cases  is  the  molecule  N,0,  which 
is  a  polymeride  of  NO,;  another  instance  is  furnished  by  the 
molecules  Sn,Cl,  and  SnClj. 
J  Let  us  now  turn  to  the  subject  of  isomerism.  This  term 
is  applied  to  the  existence  of  molecules  characterised  by 
different  properties  but  composed  of  the  same  number  of 
the  same  atoms. 

Isomeric  compounds  are  generally  said  to  be  melameric 
when  they  belong  to  different  chemical  types.  This  state- 
ment does  not  of  course  furnish  a  definition  of  metameric 
compounds;  but  it  is  sufficient  Various  hydrocarbons,  all 
possessed  of  the  general  properties  of  paraffins  but  each 
differing  in  some  properties,  chemical  and  physical,  from  the 
others,  are  represented  by  the  formula  QH^^:  various  hydro- 
tn.  AHotromr  in  iha  new  edition  of  tValtt'i  Dirlienary  should  be  resil  bf  the 
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II  benzenes,  but  each  characterised  by  its  own  sf 
,  are  represented  by  the  formula  C,H,„:  the  diffi 
C,H,,)  or  the  different  benzenes  (C,H,J  are  sa 
■di-s  one  of  the  other.     But  although  two  mole 
;ented  by  the  formula  CJi.O  yet  these  belon 
rent  types  or  groups  of  compounds,  one  is  a 
>hol.  tlic  other  is  an  ether;  so  again  allylic  ak 
:hyl  ketone  have  both  the  formula  C,H,0,  but  i 
c  altogether  distinct  in  their  chemical   proper 
ipounds   are   said    to   be   metameric.      Mttattu 
ccn  to  be  a  sub-class  included  in  the  larger  cla 
ompounds. 

'    inorganic   compounds   exhibit    phenomena  w 
explained  by  supposing  the  existence  of  isor 
,   but   it   is   only  when    we   study   the   compo 
that  wc  arc  obliged  to  admit  that  molecules 
sed  of  the  same  numbers  of  the  same  atoms 
liLinic;il  ami  physical  properties. 

BcHA 
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interact  with  the  maximum  number  of  monovalent  atoms. 
Such  molecules  are  said  to  be  saturated ;  they  cannot  directly 
combine  with  monovalent  atoms.  Examples  of  saturated 
molecules  are  furnished  by  C,H.,  C.H,.  C,H,C!,  C,H.C1,,  &c. 
But  in  the  molecules  C,H,.  C,H,,  C,H,,  and  in  many  other 
molecules,  the  number  of  monovalent  atoms  is  less  than  that 
expressed  by  the  formula  just  given.  In  these  molecules 
each  polyvalent  atom  directly  interacts  with  less  than  the 
maximum  number  of  monovalent  atoms.  Such  molecules 
are  said  to  be  unsaturated.  Unsaturated  molecules  are 
generally  able  lo  combine  directly  with  monovalent  atoms. 

The  language  in  which  the  facts  of  isomerism  are  generally 
expressed  speaks  of  some  of  the  polyvalent  atoms  in  unsatu- 
rated molecules  as  being  '  linked  by  double  or  treble  bonds " ; 
the  language  which  springs  from  the  view  of  valency  adopted 
in  this  book  (the  view  is  essentially  that  of  Lossen)  speaks 
of  some  of  the  polyvalent  atoms  in  unsaturated  molecules 
a&  exhibiting  in  these  molecules  less  tlian  their  maximum 
valency. 

Thus  to  take  the  unsaturated  molecules  C^H^  and  C,H, : 
the  expression  in  common  use  is  'the  carbon  atoms  in  the 
molecule  C,Hj  are  Joined  by  a  double  bond,  and  in  the  mole- 
cule C,H,  by  a  treble  bond ';  and  this  expression  is  embodied 
in  the  formula;  H,C  =  CH,  and  HC  =  CH:  the  expression 
used  by  the  upholders  of  Lossen's  conception  of  atomic 
valency  is  'the  carbon  atoms  in  the  molecule  C^H^  are  tri- 
valent,  and  in  the  molecule  C,H,  the  carbon  atoms  arc  di- 
valent'; and  this  expression  is  embodied  in  the  formulae 
H,C  —  CH,  and  HC  —  CH.  The  expressions  'a  pair  of  doubly 
linked  carbon  atoms'  and  'a  pair  of  trebly  linked  carbon 
atoms '  are  respectively  synonymous  with  the  expressions  'a 
pair  of  trivalent  carbon  atoms '  and  '  a  pair  of  divalent  carbon 
atoms':  each  term  used  in  the  latter  expressions  has  an 
accurate  meaning  defined  once  for  all;  the  meanings  given 
to  the  terms  'doubly  linked'  and  'trebly  linked'  atoms 
depend  upon  the  views  of  the  chemist  who  employs  them.  I 

X  The  number  of  ways  in  which  the  atoms  comprising  a  I 

complex  molecule  may  be  arranged,  in  accordance  with  the  J 

L  M.  ^ 
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neither  the  nitrogen  nor  the  oxygen  atom  can  directly  inter- 
act with  more  than  two  atoms,  i.e.  neither  can  be  more  than 
divalent'.     NO  can  be  regarded  only  as  N  —  O.     NO,  may  be 

(1)  O  — N  — O,    or    (1)0  — N"0,    or    (3)N  — 0  — O. 
X,Oj  may  have  many  structures ;  e.g. 
■  (1)  O  —  N  —  N  -  O,         or         (i)  O  —  N  —  N  —  O, 

r  00 

or  {3)  0~N  — 0  — 0~N  — O.  or  (4)  O— N  — O  — O  — N  — O. 
or     (S>  N  — O— O— O— 0-N.     or    (6)  N— N— O— O  — 0~0,  &e. 

The  compounds  of  carbon  present  the  best  field  for  the 
study  of  isomerism*. 

It  has  been  already  stated  that  a  molecule  composed  of 
two  carbon  (tetravalent)  atoms  united  with  five  monovalent 
atoms  of  one  element  and  one  monovalent  atom  of  another 
element.  (Le.  a  molecule  of  the  form  C,X,X)  cannot  exhibit 
isomerism,  If  however  there  are  four  monad  atoms  of  one 
kind,  and  two  of  another  kind,  in  the  molecule  (if  the  form  of 
the  molecule  is  represented  by  the  symbol  C,X,.Vj)  isomerism 
becomes  possible;  thus  C,H,C1,  may  have  the  structure 

H     H  H     H 

II  II 

a  — C  — C  — CI.        or        H  — C  — C  — CI 

II  II 

H     H  H     CI 

(or  more  shortly,  C1H,C-CH,C1  and   H,C-CHC1,).     But 

when   three  carbon  atoms  combine  with   monovalent  atoms, 

the   existence   in   the   molecule  thus   produced   of  a   single 

monad  atom  different  in  kind  from  the  other  monad  atoms 

renders  isomerism  possible;  thus  C,H,C1  (which  belongs  to 

the  general  form  C,X,,V)  may  have  the  structure 

H,  H     CI 

II  \^ 

HjC  — C-CH,C1        or        H3C  — C  — CHj. 

'  Loucn'*  nomeucUture  amJ  oolalioii  ue  used  here  and  genenlll]'  thraughoul 
the  ml  of  lh»  bouk. 

»  The  subject  of  the  conslilutiim  of  coropouiKis  is  considered  very  fully  lund 
\f  in  ihc  jrd  edilion  of  Remsen'i  TTieorclical  Cktmtstry. 
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the  carbon  atoms  may  be  doubly  or  trebly  linked  to  one 
another,  or  there  may  exist '  free  affinities ").  Now  the  gene- 
ral formula  given  on  p.  144.  viz. 


shews  that  the  maximum  number  of  monad  atoms  in  such 
a  molecule  is  dependent  only  on  the  number  of  trivalent 
and  tetravalcnt,  and  is  independent  of  the  number  of  diva- 
lent, carbon  atoms  in  the  molecule.  But  in  applying  this 
formula  it  is  assumed  that  the  number  of  carbon  atoms 
which  are  actually  trivalent,  and  of  those  which  are  actually 
tetravalent,  in  any  given  molecule,  can  be  determined.  It 
is  better  to  represent  the  molecule  of  a  carbon  compound,  if 
possible,  as  containing  only  tetravalent  carbon  atoms:  in 
manj'  cases  however  this  cannot  be  done ;  in  any  case  the 
reactions  of  the  compound  must  be  studied  before  a  formula 
is  given  to  it. 

Let  us  suppose  we  are  required  to  assign  formula;  to 
compound  molecules  containing  carbon,  hydrogen,  and  oxygen 
atoms.  When  the  equation  «,  =  2«, +  2  is  satisfied,  the  struc- 
tural formula  assigned  to  the  molecule  must  evidently  con- 
tain only  tetravalent  carbon  atoms;  several  such  formulae 
may  however  be  possible ;  thus  for  the  molecule  C,H,0  two 
structural  formulae  fulfil  the  conditions  required  : — 


C  — C  — C  — O-H         and         C  — C  — O  — C. 

In  accordance  with  generalisations  which  have  been   made 
correlating  structure   and    properties  the  first  of  these  for- 
mula belongs  to  a  primary  alcohol,  the  second   belongs  to 
a  mixed  ether:   two  and  only  two  compounds  having  the 
composition  C,H,0  are  known  ;  one  exhibits  the  properties  of 
a  primary  alcohol,  the  other  those  of  a  mixed  ether. 
H         When   however  «,  <3h,  +  2,  and  divalent  atoms  are  also 
■toresent    in    the    molecule,   the   formula   may   contain   only 
^Ketravalent  carbon  atoms,  or  it  may  contain  tetravalent,  and 
^bbo  di-  or  trivalent,  carbon  atoms.     Thus  in  CjH,0  «,  =  2n^ ; 


i 
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acetic  acid  is  not  produced  in  this  oxidation,  formula  (3)  more 
probably  expresses  the  structure  of  the  molecule  of  allylic 
aicohol  than  any  other  possible  formula. 
74  In  these  examples  of  the  method  adopted  for  determining 
the  structural  formula  of  a  compound  several  generalisations 
concerning  the  connexion  of  structure  with  properties  have 
been  assumed.  For  instance,  it  has  been  assumed  that  if  a 
given  compound  exhibits  aldehydic  properties  the  structural 
formula  of  the  molecule  is  to  be  written  as  containing  the 
atomic  group  CHO ;  but  it  has  also  been  assumed  that  two 
structures  are  possible  for  this  group,  one  in  which  the  carbon 
atom  interacts  directly  with  the  oxygen  and  the  hydrogen 
atoms  (H~C  — O),  and  the  other  in  which  the  carbon  atom 
directly  interacts  with  the  oxygen  atom  only  CC-O-H); 
'  ibrther,  the  first  of  these  structures  is  assumed  to  be  corre- 
■  lated  with  the  group  of  properties  connoted  by  the  word 
'aldehydic,'  and  the  second  with  the  properties  connoted 
the  expression  'tertiary  alcoholic'  When  therefore  a 
lew  carbon  compound  is  discovered,  it  is  necessary  to  de- 
mine,  as  far  as  possible,  to  what  group  of  compounds  it 
;  the  existence  of  a  certain  atomic  group  (or  groups) 
the  molecule  of  the  compound  may  then  generally  be 
ledicated,  and  tlje  number  of  possible  structural  formula; 
lay  thus  be  considerably  diminished.  But  the  classification 
the  carbon  compounds  is  certainly  not  yet  complete; 
e  arise  two  difficulties  ;  (i)  a  new  compound  may  belong 
class  no  other  member  of  which  has  been  previously 
txamined,  in  which  case  no  class-group  can  be  assigned  to 
;  formula  of  the  new  compound ;  or  (2)  a  compound  may 
B  prepared  whose  properties  indicate  that  it  belongs  to  one 
the  known  classes,  and  yet  the  atomic  group  which 
merally  marks  this  class  may  not  be  present  in  the  molecule 
this  particular  compound.  The  following  cases  may  be 
llaken  as  illustrations  of  these  difficulties. 

It  was  known  that  the   interaction   of  nitrous  acid 
1  carbon  compounds  the  molecules  of  which  contained  the 
SH,  (amido-derivatives)  resulted  in  the  production 
original   by  containing  Oj 


ule 

cid  1 

the  I 
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if  NUjI   but  when  nitrous  acid  acted   on  o 
ivatives  of  benzene,  compound  molecules  cont: 
gen    atom    more    and    two   hydrogen   atom: 
iriirinal  molecult  were  obtained.     The  reactic 
be  abnormal.     Several  of  the  new  compounds 
their  properties  were  studied,  and  the  extstenc 
of  carbon  compounds  was  recognised,  the  rel 
to  other  classes  could   be   summarised   in    foi 
;  the  characteristic  group  —  N^— . 
\s    the     result    of    long    and     varied     expe 
alisation    has    been    made   that   the    molecul 
y   carbon    acids   contain    the   characteristic 
"  —  0  ;    but   from   time   to   time   compounds 
larcd  exhibiting  acidic  properties,  but  posses: 
ar  structure   from   which  the   characteristic 
.     Thus     CJI,    yields    C,H,NO..    and     from 
two  isomcrides   CJ-l„BrN"0.  are  obtained,  c 
I   nionnba^ic  acid,  wliilc  the  other    does    not 
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These  examples  (and  others  might  easily  be  added)  shew 
how  undesirable  it  is  to  regard  the  present  system  of  classifi- 
cation of  carbon  compounds  as  final.  As  facts  are  accumu- 
lated the  atomic  grouping  which  was  regarded  as  a  class- 
group  sometimes  becomes  the  group  of  a  larger  class, 
sub-classes  being  formed  each  characterised  by  its  special 
group  and  yet  each  containing  the  class-group.  Thus,  from 
the  analogy  between  metallic  hydroxides  and  alcohols,  and 
for  other  reasons,  the  group  O  —  H  was  assigned  to  alcohols 
(e.g.  C,H.  .OH.  C,H,.OH,  &c.,  &c.);  but  it  became  evident 
that  a  sub-division  of  this  great  class  was  required  ;  facts 
were  amassed  and  formula:  devised  to  generalise  these  facts, 
until  most  chemists  are  now  agreed  that  the  molecules  of 
those  alcohols  called  "primary'  (which  yield  certain  defi- 
nite products  when  oxidised,  &c.)  contain  the  atomic  group 
H  —  O  — CHj,  the  molecules  of  those  called  'secondary'  (and 
which  yield  other  but  also  definite  products  when  oxidised) 
contain  the  group  H  —  O  —  C  —  H.  and  the  molecules  of  those 
called  'tertiary'  (which  yield  a  third  distinct  set  of  products 
when  oxidised)  contain  the  group  C  —  O  —  H, 

Each  of  these  '  alcoholic  groups'  itself  contains  the  group 
O— H;  but  the  'acid  group'  H— 0-C  — O  a!so  contains 
this  group;  now  we  know  that  the  function  performed  by 
hydrogen  in  an  alcoholic  molecule  is  not  the  same  as  that 
performed  by  hydrogen  in  an  acid  molecule;  e.g.  all,  or 
some,  of  the  hydrogen  in  the  latter,  but  none  of  that  in 
'he  former,  is  replaceable  by  metal  when  the  compound  is 
icted  on  by  a  metallic  carbonate;  hence  we  infer  that  the 
function  discharged  by  a  given  atom  in  a  molecule  depends 
not  only  on  the  nature  of  that  atom,  but  also  on  the  nature  of 
the  atoms  with  which  it  is  directly,  and  indirectly,  connected 
in  the  molecule. 

In  all  the  alcoholic  groups  (viz.  H,C  -  OH.  HC~OH. 
:ind  C-OH)  an  atom  of  hydrogen  is  directly  connected 
with  an  oxygen  atom  which  is  again  directly  connected  with 
an  atom  of  carbon,  which  directly  interacts  with  cither 
hydrogen  atoms  and  atoms  belonging  to  the  other  part  of 
Ube  molecule — alti^^^^^u^u^o^jfdrogen  atoms — gi^ 
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atter.     In  the  acid  group  (0  -  C  -  OH)  the  car 

ivliich  the  hydrogen  atom  is  indirectly  connet 
an   atom   of  oxygen)   is   itself  directly   connet 
)xygcn  atom,  as  well  as  with  an  atom,  or  ate 

to  the  other  part  of  the  molecule.     Now  oxyge 
y  electro-negative  element ;  from  the  facts  enu 
from   other    similar   facts,   the   generalisation 
le,   that   wiien    an    atom    of  hydrogen    is   in  di 
;  with  an  atom  of  carbon  which  also  directly  bi 
itoms,  or  negative  groups  of  atoms,  that  hydro 
iile,  -replaceable  by  metal'  &c.;  i.e.  that  hydro 
function  of  '  acidic  hydrogen." 
s  trying  to  use  the  hypothesis  of  valency  as  a  gi 
ctermining  the  structures  of  isomeric  molecules, 
d  it  on  the  whole  advantageous  to  limit  the  ap 

his  hypothesis  in  various  ways. 

ThL'  hypothesis  is  applied  in  strictness  only  to 

nf  bodies  in  the  gaseous  state. 
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relative  positions  of  the  atoms,  not  with  variations  in  the 
distances  between  identically  arranged  atoms,  forming  a 
molecule. 

IV.  The  atoms  which  form  a  molecule  are  regarded 
as  arranged  in  the  same  plane ;  no  attempt  is  made  to  con- 
nect the  facts  of  isomerism  with  the  arrangement  of  the 
atoms  in  different  dimensions  in  space. 

Applying  the  hypothesis  as  thus  limited,  and  for  the  most 
part  to  compounds  of  carbon,  we  found  that  the  structural 
formula;  of  classes  of  carbon  compounds  can  be  general- 
ised so  far  as  to  admit  of  the  assertion  that  the  molecules 
of  the  members  of  any  one  class  are  characterised  by  the 
presence  of  a  special  atomic  group  which  may  be  called  the 
class-group;  and  hence  that  the  first  step  in  assigning  a 
structural  formula  to  a  new  compound  is  to  determine  the 
class  to  which  it  belongs  by  comparing  the  reactions  of 
this  compound  with  those  of  known  substances  belonging 
to  various  classes;  having  done  this,  we  then  eliminate 
from  the  possible  structural  formula;  those  which  do  not 
contain  the  characteristic  group  of  the  class  in  which  our 
compound  is  placed.  Finally,  we  choose  from  the  remaining 
formulae  that  one  which  best  summarises  the  reactions  of  the 
compound  molecule  under  consideration  and  its  relations  to 
other  molecules. 

We  found  that  a  wide  knowledge  of  the  characters  of 
classes  of  compounds  is  required  on  the  part  of  him  who 
would  employ  this  method  with  success,  and  also  that  the 
chemist  has  constantly  to  be  on  his  guard  against  drawing 
too  rigid  conclusions.  A  new  compound  may  represent  a 
new  class,  hence  a  new  class-group  has  to  be  determined  by 
comparing  the  reactions  of  the  new  compound  with  those 
of  others  the  classification  of  which  is  fairly  settled,  and  also 
by  seeking  to  obtain  other  representatives  of  the  new  class. 
The  discovery  and  study  of  new  compounds  apparently 
belonging  to  a  known  class  may  lead  to  a  revi.sion  of  the 
general  formula  assigned  to  the  class,  and  perhaps  to  a 
(Jtv^ipa  of.  lilc  cla39  into,  su1^-classe$  each  characterised  by 
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.plication  of  the  hypothesis  of  valency  to  determi 
probable  of  many  possible  formul;E  is  evidcni 
if  no  little  difficulty.  Certain  generalisations  i 
opted  as  guides  in  interpreting  the  results  of  t 
ht;  chemical  properties  of  molecules.  The  princij 
;iyn.s  arc  these. 

Those  atoms  which  are  obtained  as  an  undecoi 
up   in    reactions  resulting  in  the  splitting  up  ol 

are  present  in  the  molecule  of  that  compound 
■  directly  combined  atoms. 

When  a  group  of  atoms  passes  from  one  coi 
leculc  to  another,  the  relative  arrangement  of  tht 
;i  rule,  is  not  altered. 

When  an  atom,  or  group  of  atoms,  replaces  anott 
roup  of  atoms  of  equal  valency  with  itself,  the  \ 
■.>m.  or  group,  occupies  (as  a  rule)  the  same  positi 
tu  the  other  atoms  in  the  molecule  as  was  occupi' 
(im,    or  group    of   atoms,  which    it    has   replacct 
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sied:    alcohol    interacts    with    phosphorus   pcntachloride 

(*)    C,H.O  +  PCl5=C,H5Cl+POaj+HCL 

The  second  isomeride  (methyl  ether)  does  not  interact  with 
potassium  or  sodium  but  reacts  with  phosphorus  pcnta- 
chloride thus, 

CjH.O  +  PC1,= 2CH,C1  +  POO,. 

The  first  formula  generalises  the  reactions  of  atcohol,  the 
second  generalises  the  reactions  of  methyl  ether:  thus 
(a)     H,C-CH,-OH  +  K=HjC-CH3-OK+H; 

one,  and  only  one,  hydrogen  atom  is  represented  in  the 
formula  as  indirectly  bound  (through  an  oxygen  atom)  to 
a  carbon  atom ; 

[6)     H,C-CH,-0H  +  PCls=H3C-CHi-a  +  P0Cl,+  HCl; 

the  group  OH  is  replaced  by  the  atom  CI,  which  being  of 
equal  valency  is  regarded  as  occupying  the  place  in  the 
molecule  relatively  to  the  other  atoms  formerly  occupied  by 
the  group  OH. 

The  second  formula  H,C  — O  — CH,  assigned  to  methyl 
ether  represents  all  the  hydrogen  atoms  as  directly  reacting 
with  atoms  of  carbon,  it  represents  them  as  having  all  the 
&anie  function ;  hence  either  none,  or  all,  will  be  replaced  by 
the  action  of  potassium.  But  the  second  formula  represents 
the  atom  of  oxygen  as  in  direct  union  with  atoms  of  carbon 
only,  if  the  oxygen  atom  should  be  replaced  by  two  mono- 
valent atoms,  e.g.  by  two  atoms  of  chlorine,  the  molecule 
could  no  longer  hold  together  but  would  separate  into  two 
molecules,  each  having  the  structure  CI  — CH,;  this  is  what 
happens  when  methyl  ether  is  acted  on  by  phosphorus  pcnta- 
chloride. 

When  the  molecule  HO-CH,  — CH,  is  oxidised  it  loses 
two  atoms  of  hydrogen,  producing  C,H,0.  which  is  then 
changed,  by  taking  up  one  atom  of  oxygen,  into  the  mono- 
basic acid  C,H,0,.  Probably  the  simplest  way  in  which 
din  be  represented  in  structural  forniu] 


1 
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:H.                         CH,                (3,     CH,                    CH, 

!                      ! 
:h,   -    H.  =  c                    c     *  o  -  c— o. 

1                  1 

,H                       OH                       OH                   OH 
uc  the  properties  of  the  acid  molecule  C,H,0,  si 
^Sd  expect   if  we  assumed  it  to  have  the  fonn 
1  —  0  H  ?    Two  important  reactions  of  the  compou 
r.  are  these :— 

>>'  reacting  with  phosphorus  pentachloride  it  yie 
and  this  does  not  interact  with  the  same  reagent 
^"hen  the  sodium  salt  of  this  acid  is  heated  w 
rJa  it  is  decomposed  thus, 

C.H,NaO,+  NaHO-Na,CO,  +  CH,. 
ctions  are  expressed  by  the  formula  O  -  C  -  CH 
1 
OH 
liurtfore  adoiitud  ai  the  structural  formula  for  aci 

|Rm 


AP.  II,  §  yi]         STRUCTURAL   FORMUL.E. 


LjttnU 

r 


159 

the    molecule   C,H,0   is   best    represented   by   the   formula 
0-CH-CH,. 

The  oxidation  of  alcohol  is  then  best  represented  thus  in 

ictural  formula : — 


I 


(2)    CHj 


I 


I 


Another  and  somewhat  more  complex  illustration,  taken 
from  the  so-called  'aromatic'  (or  better  'bcnzenoid')  carbon 
compounds,  will  serve  to  shew  that  the  generalisations  stated 
in  par,  76.  although  widely  applicable,  must  yet  be  used  with 
great  caution.  Assuming  the  generally  adopted  structural 
formula  for  the  molecule  of  benzene'  (C^H,),  viz.' 


b 


J 


the  existence  of  three,  and  only  three,  isomeric  dichloro-  or 
dibromo-  &c.  benzenes,  becomes  possible,  viz. 


H  — C      C  — CI 


H 


H 


CI 


'  See  Aroislrone  »nd  Grovw,  Or^nit  ChfrnUlry,  pp.  160 — 6j ;  also  pp.  170 — 
V4-     Str  lAio  fast,  pnr.  81. 

■  The  fuel  tlul  this  funnuU  b  generally  used  rather  than  the  rooce  complex 
i^iinulAarigiDallr  propotcd  by  Kekulf  with  ullemale  'doubly' and  'ungly-linked' 
ii'ioD  Blonu,  tnd  llul  most  chemists  are  coMent  meanwhile  to  overlunk  ihe 
:;:n(ndu:lloa  invDlved  In  nnploying  iuch  it  focmula  and  yet  using  [he  language  at 
■  IwiiUk.'  i*  indieMive  of  the  unsilisfaeiory  nature  of  Itui  language  when  rigidly 
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In  (i)  both  chlorine  atoms  are  in  direct  connexion  wiA 
carbon  atoms  which  are  directly  bound  to  one  another ;  in  (2 
one  carbon  atom  intervenes,  and  in  (3)  two  carbon  atoms 
intervene,  between  the  atoms  of  carbon  which  directly  interact 
with  the  chlorine  atoms. 

These  three  isomeric  compounds'  are  usually  distinguished 
as  I  :  2,  1  :  3,  and  i  :  4,  dichtorobenzenc;  it  is  evident  that 
1:6=1  ;  2,  and  i  :  s  =  i  :  3-  Each  of  these  dichloroben- 
zenes  when  acted  on  by  chlorine  yields  one  or  more  isomeric 
trichlorobenzenes  (C^H^CI,).  Kdrner  has  formulated  a  simple 
method  of  proving  that  i  :  2  dichloroben zene  can  yield  two, 
1  :  3  can  yield  three,  and  i  :  4  can  yield  only  one,  trichloro- 
benzene'. 

Now  if  the  generalisations  we  are  considering  are  applic- 
able to  the  benzenoid  hydrocarbons,  it  follows  that  any 
di-derivative  of  benzene — C,H,A',  where  A'  is  a  monovalent 
atom  or  group  of  atoms — which,  by  a  simple  series  of  reac- 
tions can  be  obtained  from,  or  can  be  converted  into,  i  : 
dichloro-  (or  dibromo-  or  dinitro-)  benzene,  must  be  itself  a 
1  :  2  derivative;  i.e.  the  two  X  groups  or  atoms  must  be  in 
direct  interaction  with  carbon  atoms  between  which  there  is 
direct  mutual  action  within  the  molecule.  A  similar  conclu- 
sion is  drawn  regarding  the  structure  of  those  compounds  rf 
the  formula  C,H,A',  which  can  be  obtained  from  or  reduced 
to  I  :  3,  or  I  :  4,  dichloro  dibromo  or  dinitro-benzene. 

Thus  I  :  3  dinitrobenzene,  by  the  action  of  zinc  and 
hydrochloric  acid,  yields  nitramidobenzene  CgH^NO,NH^ 
by  the  further  action  of  nascent  hydrogen  this  yiddt 
diamidobenzene   C,H,(NHJ,;   and    diamidobenzene,   by  I 

'  The  caibon  atoms  in  the  hexagon  sue  numbeied  thns: — 


;i     h 


I  :  3  yields  1:1:3, 
{which=t  13:4= 
167—8. 


13,  and  I  :i:4,  (i  :3:3  =  i  :  ):G.  and  I  :  i:  5=1  1  t:4l 
id  I  :  j:4(whic1i=i  :  3:G),uid  i:  J  :  J.    i;4ricldci   1 
4:5  =  1:4:6).     See  Aimstrong  anil  GiOTcs,  Im.  fit- 
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'diazo  reaction"  (or  'Griess'  reaction'),  yields  bromohydroxy- 
benzene  C,H,Br.  OH;  this  bromohydroxybenzene  is  therefore 
assumed  to  be  a  i  :  3  derivative  of  benzene.  Now  when  this 
body  is  fused  with  caustic  potash  it  yields  one  of  the  three 
isomeric  dihydroxybenzenes  C,H^(OH),;  in  accordance  with 
generalisation  (3)  par  76  this  dihydroxy benzene  ought  to  be 
regarded  as  a  i  :  3  derivative.  But  i  :  4  bromohydroxy- 
benzene— obtained  by  a  method  similar  to  that  sketched 
above  from  1  ;  4  dinitrobenzene — yields,  by  fusion  with 
potash,  the  same  dihydroxybenzene  as  Just  mentioned ;  hence 
this  dihydroxybenzene  is  now  shewn  to  be  probably  a  1  :  4 
derivative  of  benzene.  Again,  this  same  dihydroxybenzene 
is  the  sole  product  of  the  fusion  with  potash  at  a  high  tem- 
perature of  I  :  4  iodohydroxy benzene  C,H,I .  OH;  but  when 
this  iodohydroxy  benzene  is  fused  with  potash  at  165^  none  of 
the  dihydroxybenzene  already  mentioned  is  obtained  but 
only  one  of  the  dihydroxybenzenes  isomeric  with  it*. 

Another  example,  shewing  how  necessary  it  is  to  apply 
such  generalisations  as  those  under  consideration  only  in  a 
tentative  manner,  is  furnished  by  some  reactions  of  i  :  4 
nitrobromobenzene  C,H,NO,Br.  By  the  action  of  alcoholic 
ammonia  on  this  compound  nitramidobenzene  C,H,NO,NHj 
is  produced;  that  this  nitramido benzene  is,  as  we  should 
expect,  a  I  :  4  derivative  of  benzene,  can  be  proved  by  trust- 
worthy evidence.  But  if  the  same  1  :  4  C.H^NO.Br  is  acted 
on  by  potassium  cyanide,  and  the  product  of  this  action, 
CgHjCNBr,  is  boiled  with  dilute  acid,  bromobenzolc  acid, 
CjH,lir(CO,H),  is  obtained,  and  the  reactions  of  this  acid 
prove  beyond  doubt  that  it  is  a  r  :  3,  and  not  as  we  should 
expect  a  I  :  4,  derivative  of  benzene.  Similarly  the  product 
of  the  action  of  potassium  cyanide  followed  by  that  of  dilute 
acid  on  I  :  3  C„HjNO,Br  is  1  :  2  bromobenzoic  acid, 
C,H,Br  (CO,H),  and  not,  as  a  strict  application  of  the  state- 
ment in  par.  76  would  lead  us  to  expect,  the  l  :  3  derivative. 


'    For  an  dtcount  of  these   *diazo.reaclions,'  which  are  much  used  i 
Kfnlheiu    of   bentene   deiivatires,   see  Armsiiong  and    Groves,    /tK.    cii 

■e  delnils,  Arm.'Lliong  and  Groves,  /«.  tit.  pp.  ju^-a. 
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illustrations  have  already  been  given  of  the 
existence  of  a  connexion  of  some  kind  between  the  functions 
of  parts  of  a  molecule  and  the  composition,  using  this  term  in 
its  widest  sense,  of  the  whole  molecule.  But  the  existence  of 
such  a  connexion  is  so  important  that  I  shail  devote  a 
paragraph  to  its  illustration. 

The  relation  to  be  illustrated  is  that  between  the  function 
performed  by  an  atom,  or  atomic  group,  in  a  molecule, 

fl.     the  nature,  and  arrangement   relatively  \ 
to  the  given  atom  (or  group),  of  the      ^f  j^e 
other  atoms ;  l   mole- 

11-  the  general  relative  arrangement  of  all        cule. 
the  parts ;  j 

I,  That  the  function  performed  by  an  atom  of  hydrogen 
in  a  molecule  varies  according  to  the  nature  and  arrangement 
relatively  to  the  hydrogen  of  the  other  atoms,  has  already 
been  shewn  (see  par.  74,  pp.  151^154).  Hydrogen  which  is 
associated  with  negative  atoms  or  groups  is  as  a  rule  "replace- 
able by  metals,'  in  other  words,  performs  acidic  functions  in 
the  molecule.  Thus  of  the  two  compounds,  potassium-nitro- 
propane  and  bromonitropropanc,  the  latter  is  much  more 
decidedly  acidic  than  the  former ;  if  the  formulae  are  com- 
pared. 

K  Br 

I  [ 

IH.C,— C  — NO.  with  H,Co  — C  — NO., 

I  ■  I  - 

H  H 

I  seen  that,  in  the  markedly  acidic  compound  the  carbon 
p  with  which  the  sixth  atom  of  hydrogen  is  represented 
lirectly  connected  is  itself  directly  bound  to  the  negative 
lip  NO,  and  to  the  negative  atom  B&j  but  that  in  the  less 
lie  compound  this  carbon  atom  is  represented  as  directly 
nd  to  the  negative  group  NO,  and  to  the  positive  atom  K. 
Again  CI.C  -  H  is  not  an  acid,  but  (NO,),C  -  H  is ;  the 
flucnce  of  the  very  negative  NO,  group  seems  to  be   im- 
;  .-.iscd  through  the  carbon  atom  on  the  hydrogen  atom  of 
J  nc  molecule. 


^Hra 
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81  II.  A  good  illustration  of  the  influence  exerted  by  the 
arrangement  of  all  the  atoms  in  a  molecule  on  the  functions 
of  one,  or  some,  of  these  atoms,  is  aflbrdcd  by  a  comparative 
study  of  the  two  groups  of  carbon  compoimds,  more  especially 
the  hydrocarbons,  generally  known  as  'fatty'  (or  'paraftinoid') 
and  'aromatic'  'or  'benzenoid')  respectively':  a  few,but  only 
a  few,  of  the  more  important  points  will  be  briefly  stated, 

Comparing  the  interaction  between  concentrated  nitric 
or  sulphuric  acid  and  a  paraflin,  e.g.  C,H,,  with  the  inter- 
action of  the  same  acid  with  a  benzene,  e.g.  QH, ,  it  is 
noticed  that  while  one  or  more  hydrogen  atoms  in  the 
molecule  of  the  latter  are  readily  replaced  by  the  groups  NO^ 
or  SO,H,  the  acids  arc  without  action  on  the  former  hydro- 
carbon. When  the  homologues  of  benzene  are  oxidised,  they 
generally  yield  quinones,  the  molecule  of  any  one  of  which 
contains  the  same  number  of  carbon  atoms  as  the  parent 
hydrocarbon  but  has  two  atoms  of  oxygen  in  place  of  two 
atoms  of  hydrogen  in  the  original  molecule.  When  the 
paraffinoid  hydrocarbons  on  the  other  hand  are  oxidised 
tliey  do  not  yield  derivatives  analogous  to  the  quinones, 
but  rather  afford  mixtures  of  acids  the  molecule  of  each  of 
which  contains  fewer  carbon  atoms  than  were  present  in  the 
original  hydrocarbon  molecule. 

When  chlorine  reacts  with  the  molecule  of  a  paraffinoid 
hydrocarbon  containing  only  tetravalent'  carbon  atoms  it 
produces  chloro-substitution  derivatives  containing  tetravalent 
carbon  atoms,  the  whole  of  the  hydrogen  in  the  hydrocarbon 
being  eventually  replaced  by  chlorine ;  the  further  action  of 
chlorine  then  frequently  results  in  a  separation  of  the  mole- 
cule into  two  or  more  molecules,  each  containing  a  smaller 
number  of  carbon  atoms  than  the  original  molecule.  When 
however  chlorine  reacts  with  the  molecule  of  a  paraffinoid 
hydrocarbon  containing  two  or  more  trivalent'  carbon  atoms 
it  generally  combines  with  it  and  so  produces  a  molecule 
containing  tetravalent  carbon  atoms,  which  then  reacts  with 

'  See  AtiHsirong  and  Groves,  itc.  Hi.  pp.  391 — ^oi- 

'  In  orilinuir  nommclature  it  woulrl  be  saiil  'singly-linked  carbon  nloins.' 

■   In  .rilinaiy  nomenclature  it  *oii1d  be  said  '  doubly- linkeii  cnrbon  atoms." 
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chlorine  as    hydrocarbons  with    tetravalent    carbon  atoms 
usually  do.     Thus  when  propane,  H3C  — CH,  — CH^  reacts 
with    chlorine,    chloro  -  derivatives     H,C  —  CH,  —  CH,C1, 
HgC  —  CH,  —  CHCl,,    &c.    and    finally    octochloropropane 
CI3C  —  CCl,  —  CClg,    are    produced ;    and    when    this   octo- 
chloropropane  is   caused   to   interact  with   iodine  chloride, 
two  compounds,  viz.  CI3C  —  CCl,  and  CCl^,  are  formed    On 
the    other    hand    when    propylene,    H,C  —  CH,  —  CH^  the 
molecule  of  which  contains  two  trivalent  atoms  of  carbon, 
reacts  with  chlorine  propylene  chloride,  C1H,C— CH,-CH,CL 
is  produced ;   and  this  compound,  which  contains  only  te- 
travalent carbon  atoms  in  its  molecule,  is  decomposed  by 
the  action  of  iodine  chloride,  first  into  CJC\^  and  then  into 
CjClj  and  CCl^. 

The  interaction  of  chlorine  with  the  hydrocarbon  benzene, 
C^Hg,  finally  results  in  the  formation  of  hexachloro-bcnzene 
CgClg,  in  which,  it  may  be  safely  asserted  from  the  formula 
and  from  a  study  of  the  properties  of  the  compound,  the 
carbon  atoms  directly  interact  with  the  same  number  of 
atoms  as  in  the  original  C,H^  molecule.  So  far  then  benzene 
behaves  like  a  paraffin :  but  ICl  has  no  action  on  C^Cl.;  the 
molecule  refuses  to  separate  into  parts ;  the  six  atoms  of 
carbon  are  apparently  more  firmly  joined  together,  and  form 
a  more  stable  group,  than  the  carbon  atoms  in  the  molecule 
of  a  paraffin. 

The  functions  both  of  the  hydrogen  and  the  carbon  atoms 
in  the  molecules  of  a  benzene  and  of  a  paraffin  ~  say  in  C^H, 
and  in  C^H,^ — evidently  depend  to  some  extent  on  the  general 
arrangement  of  all  the  atoms  in  these  molecules. 

The  arrangement  of  carbon  atoms  supposed  to  characterise 
the  molecule  of  a  fatty  hydrocarbon,  e.g.  a  paraffin,  is  usually 
spoken  of  as  an  arrangement  in  'an  open  chain;'  while  that 
supposed  to  characterise  the  molecule  of  an  aromatic  hydro- 
carbon, e.g.  a  benzene,  is  called  *  a  closed  ring.'^     If  the  inter- 

^  Ring-formed  molecules  resemble  unsaturated  molecules  in  that  they  can 
directly  combine  with  monovalent  atoms  without  loss  of  any  of  their  constituent 
atoms,  e.g.  benzene  forms  C^H^Clg;  but  they  resemble  satnimted  molecules  in 
that  the  assumption  of  monovalent  atoms  is  possible  only  when  preceded  fay 


C  — C— C  or  thus  C 

I  I  1 


ttd  the  o/xrrt  chain  molecule  thu! 
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action  between  atom  and  atom  be  supposed  to  begin  at  one 
of  the  carbon  atoms,  then  in  a  closed  ring  xnzA^csAfi  it  returns 
to  that  atom;  in  other  words  each  carbon  atom  acts  on,  and 
is  acted  on  by,  at  least  t>vo  other  carbon  atoms  in  the 
molecule:  but  in  an  open  chain  molecule  the  action  does  not 
return  to  the  carbon  atom  at  which  it  started  ;  in  other  words, 
there  are  two  carbon  atoms  in  the  molecule,  each  of  which 
acts  on,  and  \%  acted  on  by,  only  one  other  carbon  atom. 

The   ritig-formed  molecule  containing  six  carbon  atoms 
Hpiay  be  represented  thus  : — 

Bod 

As  the  six  carbon  atoms  in  the  molecule  of  benzene  ap- 
pear to  form  a  very  stable  group,  they  are  sometimes  spoken 
of  as  the  'six-carbon-nucleus'  of  the  molecule.  Now  if  the 
monochloro-derivative  of  xylene,  C,H,j.  produced  by  the 
reaction  of  chlorine  with  that  hydrocarbon  when  cold  is 
compared  with  the  monochloro-derivative  produced  by  the 
reaction  of  chlorine  with  the  same  hydrocarbon  when  hot, 
it  is  found  that  the  latter  readily  exchanges  its  chlorine  atom 
for  the  group  OH  with  production  of  an  alcohol,  CjHg(OHI, 
but  that  the  chlorine  atom  in  the  former  can  scarcely  be 
replaced  by  other  radicles.  If  we  assume  the  ordinarily 
accepted  structural  formulae  for  the  two  isomeric  mono- 
chloroxylenes  we  at  once  see  how  profoundly  the  functions 

■   iBdUtribulion   of  ihe  tnutual  actions  between  tome  of  the  polyvalent  atoms. 

The  number  of  molecules  producetl  in  any  reaction  whereio  only  satiiraled 
molecutca  lake  put  U  equal  to  or  greater  than  the  number  of  molecules  taking 

^^ntn  in  the  rcactiim  :  when  Ihe  number  produced  in  any  reaction  is  smaller  ihan  I 

^^Hc  fnunber  of  molecules  oiieinally  taking  part  in  the  reaction,  at  least  one  of  the  I 

^^^■Bting  molecules  luusl  be  vithri  unsaluriletl  ot  rin|;-rormetl.     [LmseH.)  I 

^^^1  It  ii  rtltlertl  thai  a  ring-fotmetl  molecule  uiusl  contain  at  least  three  polyvalent  I 

^^^BbU(  and  that  for  tudi  molecules  ny<.  n, +  in,  +  &c....  +  1.  V 
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)rine  atoms  depend  on  -the  relative  arrangement  c 
ns  in  the  molecule.     The  formula:  in  question  ai 
loroxylene  from  hot  xylene 
H          H, 

HC       C— C  — CH,a, 

1      1 

HC       CH 

H 
loroxylene  from  co/t/ xylene 
HC          H, 

/   \         II 
HC        C-C  — CHa. 

HC        C  — CI 

CH 

orinc  atom  in  («)  is  said  to  be  in  'the  side  dmin 
n  llic  -a-iitnii  uHckiis:     In  the  hydrocarbon  C,H 
I,'  ]:ro[ii.ittcs  both  of  ;i  paraffin  and  a  benzene;  pai 
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through  oxygen,  with  the  metal  or  hydrocarbon -radicle  of 
the  molecules  of  alcohols,  certain  metallic  hydroxides,  and 
phenols  evidently  fulfils  more  or  less  acidic  or  basic  functions 
according  to  the  nature  of  the  other  part  of  the  molecule. 
When  that  other  part  is  a  strongly  positive  metallic  atom  (or 
atoms)  the  hydrogen  is  basic;  when  the  metallic  atom  [or 
atoms)  is  not  markedly  positive  the  hydrogen  as  a  rule  is  at 
once  basic  and  acidic  in  function ;  when  the  nonhydroxylic 
part  of  the  molecule  is  composed  of  carbon  and  hydrogen 
atoms  arranged  in  an  '  open  chain '  the  hydrogen  appears  to 
be  more  or  less  analogous  to  the  hydrogen  of  metallic  hy- 
droxides; and  when  the  carbon  and  hydrogen  of  the  nonhy- 
droxylic part  of  the  molecule  are  arranged  in  a  'closed  ring' 
the  hydrogen  appears  to  be  more  distinctly  acidic  in  function  '. 
The  following  facts  and  generalisations  concerning  the 
action  of  reagents  on  various  benzene  derivatives  afford  further 
examples  of  the  influence  exerted  by  the  relative  position, 
and  nature  of  the  parts,  of  a  molecule,  and  the  general  ar- 
rangement of  all  the  atoms  in  a  molecule,  on  reactions  wherein 
atoms,  or  atomic  groups,  in  the  molecule  are  substituted  by 
Lf>ther  atoms  or  groups. 

In  the  production  of  certain  di-substituted  derivatives  of 
lenzenc  C,H,v\'.,V,  from  mono- substituted  derivatives  QH^A', 
I  is  found  that  whether  the  di-derivative  shall  belong  to  the 
1  :  3,  or  I  :  4  series',  depends  on  the  nature  of  the  atom 
f  atomic  group  X  in  C,Hj,.V,  and  also  on  the  nature  of  the 
am  or  group  X'  in  C.H.A'X,  When  A'  =  C1.  Br,  I.  OH, 
CH..  CH.CI.  CHCi^  CCI^  or  NH„  and  Ar'  =  CI,  Br,  I,  NO,, 
r  SO.H,  the  di-derivative  C^^XX'  generally  belongs  to  the 
;ries:  when  Ar=NO^SO.H,  CN.  CHO,  COCH,,  or 
CO,H.  and  A"=C1,  Br,  I.  N0»,  or  SO,H,  then  C,H.ArAr' 
flerally  belongs  to  the  i  :  3  series'. 
When  derivatives  of  benzene  containing  paraffinoid  radicles 
•side  chains'  are  oxidised  they  yield  mono-,  di-,  tri-,  &c., 

'  S«e  Annaltong  nnd  Gtovra,  lac.  tit.  p.  j6(5. 
■  S«t  |i«r.  77.  p-  ifiOi  far  an  ejiplanntion  of  (his 

>  See  Ubie  in  Ann&IniDE  and  Groves,  lac.  tit,  p.  jjj:  also  Aiuiuiung,  CS^- 
■trnfo/,  Tnai.  Fur  1B8T.  ifS. 
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basic  acids,  according  to  the  number  of  side  chains  in  the 
original  molecule;   thus  QH4.C,H,,CH,  yields  QH/CO,H)p 
QH.CHj.COjH   also  yields  C,H,  (CO,H)„  &c.:   but  if  a 
negative  atom  or  group  is  introduced  into  the  benzene  deri- 
vative and  the  oxidation  is  then  effected,  the  paraffin-radicle 
which  forms  the  side  chain  nearest  to*  the  negative  atom  (or 
group)  is  protected  by  that  atom  (or  group)  and  does  not  un- 
dergo oxidation.     Thus  QH^.CHj.CjHs  [1:4]  when  oxidised 
produces  QH4{C0,H),;  but  QH,.Br.CH,.C,Hg  [1:2:4]  pro- 
duces  QH,Br.CH,.COj|H   [1:2:4].    So  again   QH4(C,H,), 
[I  :  4]  oxidises  to  C,H,(CO,H), ;  but  QH^QH^SO^H^QH, 
[1:2:4]  oxidises  to  C,HyC,Hj.SO,NH^CO,H  [i  :  2  :4];  inthc 
latter  case*  the  QH,  nearest  to  the  negative  group  is  protected, 
while  the  other  CjHj  group  undergoes  oxidation  to  CO,H. 
So  also  if  I  :  3  :  4,  I  :  4  :  5,  or  i  :  2  : 4,  dimethylnitroxylene 
(CgH,.CHyCH^NOj)  is  oxidised,  in  each  case  the  CH,  group 
nearest  to  the  NOj  group  is  unchanged,  and  the  other  CH, 
group  is  oxidised  to  COjH ;  but  if  i  :  3  :  5  dimethylnitro- 
xylene is  oxidised,  both  the  CH,  groups  are  converted  into 
COaH  groups :  now  in  a  1:3:5  derivative  the  substituting 
groups  are  equally  distributed ;   in  the  case  before  us  each 
methyl  group  is  situated  in  exactly  the  same  position  relatively 
to  the  NOj  group". 

^  'Nearest  to':  compare  the  structural  formulae  for  the  three  methylbromo* 

benzenes 

CHj  ^^s  CHg 


0"  0^  0 


Br 
1:2  1:3  1:4 

the  Br  atom  is  said  to  be  nearer  to  the  CH,  group  in  the  i  :  3  than  in  the  i  :  3* 
and  nearer  in  the  i  :  3  than  in  the  i  :  4  comfwund. 

^  See  Remsen  and  Hall,  Amer,  Chem,  Journal  S.  50 ;  and  Remscn  and  Noyes* 
ibid,  4.    197. 

'  See  E.  Wroblewsky,  Ber,  10.  loii.  Compare  the  following  fbrmuke  where 
X  represents  the  group  CH,  and  A  the  group  NO,: — 

X  XX  x 


Ox  .0  O''  .0 


A  X  A 
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Again,  when  thiophene,  C,H,S,  is  acted  on  by  nitric  acid 
the  thiophene  is  completely  oxidised  ;  but  when  negative 
groups  are  introduced  into  the  thiophene  molecule  the  pro- 
ducts react  with  strong  nitric  acid  to  produce  nitre-derivatives'. 
Thus  moniodothiophene,  C.HjIS,  yields  nitriodothiophene 
C,H,I(NOJS ;  and  dibromothiophene,  C.HjBrsS.  yields  dini- 
trodibromothiophene,  C,Br,(NOj)iS. 
2  From  the.'^e  considerations  it  would  appear  that  the 
readiness  to  undergo  this  reaction  or  that,  or,  as  might  be 
said,  the  chnmeal  stability  of  a  molecule,  depends  largely 
on  the  balance  of  properties  of  the  parts  of  the  molecule,  such 
balance  being  itself  connected  with  the  nature  and  relative 
arrangements  of  these  parts.  Many  of  the  reactions  cited 
in  the  foregoing  paragraphs  (80  and  81)  may  serve  as 
illustrations  of  the  meaning  of  the  expression  '  chemical 
stability',  and  of  the  conception  of  a  dependence  between  this 
and  the  balance  of  functions  of  parts  of  the  molecule ;  let 
one  more  illustration  suffice. 

The  conditions  under  which  an  atom  of  hydrogen  ap- 
parently fulRls  alcoholic  functions  have  been  already  sum- 
marised [pp.  168 — '69].  In  some  molecules  the  acid  and 
alcoholic  functions  of  the  hydrogen  atoms  seem  to  be  equally 
balanced,  so  that  for  some  purposes  the  compound  may  be, 
classed  as  an  alcohol,  for  other  purposes  as  an  acid ;  thus,  when 
an  atom  of  hydrogen  in  the  benzene  molecule  is  replaced 
by  the  group  OH,  the  product,  phenol  C,Hj.OH,  exhibits 
some  of  the  properties  of  an  acid  and  also  some  of  the 
properties  of  an  alcohol;  e.g.  an  atom  of  hydrogen  is 
replaceable  by  metal  when  the  compound  is  acted  on  by 
an  alkali  metal  or  alkaline  hydroxide,  but  not  when  it  is 
acted  on  by  an  alkaline  carbonate*.  By  replacing  three 
hydrogen  atoms  in  the  phenol  molecule,  C,H,  ,  OH,  by 
NH,  and  NO,  groups,  compounds  are  obtained  which  ex- 
hibit  both   basic   and   acidic   properties;   e.g.   the   molecule 


1   11.  K(eis.  Btr.  IT,  1073- 

■  In  lh«e  «lliinB  phenol  prcwnlf  1 
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IHJ  .  (NO.,),  .  OH    combines   with    HCt.  but 
;  nol  very  stable  ;  the  same  molecule  however  reai 
^  an  atom  of  hydrogen  for  metal  by  the  actioi 
arboiiates,  thus  forming  well-marked  stable  met; 
-s,  e.g.  C„H,(NH,KN0,XONa.     If  however  two  i 
nd   one    NOj   group    are   introduced    in    place 
rogcn  atoms   in  the  phenol  molecule,  the  proc 
,y,{NO;)OH    is   distinctly  basic,   combining   reat 
.  but  yielding  only  unstable  metallic  derivatives. 
nly  is  the  general  chemical  stability  of  a  molet 
t,  in  part,  on  the  balance  of  functions  of  the  at< 
lie    groups    in    the    molecule,    but    many   of 

generally  called    physical   are   correlated   witl 
lance  of  parts.     Thus  Witt '  has  shewn  that  th 
definite  connexion  between    the   tinctorial  prof 
lany   derivatives   of  a;iobenzene,   dH,  —  N,  —  C, 
itomic    cnmpositiiin    and    structure    of  these  m( 
■  intHKlLicint;   tlie  group  Nil.,  in  place  of  hydro) 
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substitution  of  CI,  Br,  NO,,  or  OH  &c,  for  hydrogen  in  the 
molecules  of  benzene  derivatives  is  accompanied  by  definite 
changes  in  the  crystalline  forms  of  the  compounds.  The 
relations  existing  between  crystalline  form  and  chemical 
structure,  so  far  as  the  latter  is  modified  by  processes  of 
substitution,  are  called  by  Groth  morpkotropic  relations.  The 
change  of  crystalline  form  in  any  given  case  depends  on 
(1)  the  chemical  nature  of  the  parent  substance;  (2)  the 
crystalline  system  to  which  it  belongs ;  (3)  the  chemical  nature 
of  the  substituting  atom  (or  group);  and  (4)  the  chemical 
nature  of  the  product  of  the  reaction,  using  the  expression 
'  chemical  nature'  in  its  widest  sense  as  including  the  con- 
ceptions of  atomic  composition  and  atomic  structure. 

When  the  parent  substance  belongs  to  a  crystalline  system 
in  which  the  relations  of  the  axes  arc  not  invariable,  substitu- 
tion of  CI,  Br,  &c.,  generally  only  produces  changes  in  these 
relations,  without  total  changes  to  other  systems;  but  if  the 
parent  substance  belongs  to  the  regular  system,  the  substituted 
product  is  found  to  belong  to  one  of  the  other  five  systems. 

Groth's  researches  lead  to  the  following  generalisations 
concerning  the  derivatives  of  benzene  : — 

(1)  Substitution  of  H  by  OH  or  NO^  is  accompanied 
by  changes  in  the  relations  of  the  axes,  but  not  by  changes 

■om  one  system  to  another. 

(2)  Substitution  of  H  by  CI  or  Br,  is  accompanied  by 
langes  from  one  crystalline  system  to  another,  less  sym- 
nrical,  system;  but  furtlier  substitution  by  the  same  atoms  is 
inettmes  accompanied  by  a  return  to  a  more  symmetrical 

em. 

(3)  Substitution  of  H  by  CH,  is  also  accompanied  by 
trked  changes  in  crystalline  symmetry. 

(4.)     Chemically  similar  derivatives  of  benzene  belonging 
>  ^  para  [i  :  4]  scries  shew  greater  crystallographic  analogies 
krith  one  another  than  with  the  members  of  a  nteta  [l  :  3]  or 
9  orthe  [t  :  2]  scries. 

d  Uie  iiticlc'Isoinorphie'  in  ■Ctx Ntuti HandvisrlerbtKh  tier  Ciir/iie, a. cspedaDy 
to  'imwiipliie'  in  L>denbaiK>  JttinAm  ariwA  ihr  Om*^  ft. 


J 
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Tlie  general  conclusion  to  be  drawn  from  these  fads  is,- 
that,  in  some  compounds  at  any  rate,  cr>'stalline  form  is 
more  or  less  closely  connected  with  the  nature  and  arrange- 
ment, as  well  as  with  the  number,  of  the  atoms  and  groups  of 
atoms  in  the  compound  molecules. 

85  Very  many  measurements  have  been  made  of  the 
quantities  of  heat  which  arc  produced  or  disappear  during 
processes  of  chemical  change.  This  subject  will  be  con- 
sidered more  fully  in  a  future  chapter';  at  present  I  wish  to 
insist  on  the  fact  that  the  data  of  thermal  chemistry  establish 
an  urdoubted  connexion  between  the  thermal  changes  which 
accompany  chemical  reactions  and  the  nature  and  arrange- 
ment of  the  atoms,  and  groups  of  atoms,  forming  the 
molecules  which  take  part  in  these  reactions.  Especial 
reference  must  be  made  here  to  the  experiments  of  J. 
Thomsen*.  from  whicli  the  conclusion  can  be  drawn  that 
the  change  from  a  material  system  of  isolated  atoms — say 
X  carbon  atoms,  V  hydrogen  atoms,  and  .r"  oxygen  atoms — 
to  a  molecular  system  in  which  these  atoms  are  combined  so 
that  all  the  carbon  atoms  are  tctravalcnt  (i.e.  each  acts  on 
and  is  acted  on  by  four  other  atoms)  and  all  the  oxygen 
atoms  are  divalent,  is  attended  with  the  loss  to  the  system  of 
a  quantity  of  energy  different  from  tliat  which  accompanies 
the  change  from  the  same  system  of  isolated  atoms  to  a 
molecular  system  in  which  some,  say  (^-2),  carbon  atoms 
are  trivalent,  and  some,  say  {x"  —  t),  oxygen  atoms  are 
monovalent. 

SG  The  measurements  which  have  been  made  of  the  quantities 
of  heat  that  are  produced  or  disappear  during  simrlar  chemical 
changes  undergone  by  isomeric  compounds  shew  that  in  many 
cases  at  any  rate  the  quantity  of  enei^y  associated  with  one 
isomeride  is  different  from  that  associated  with  anotho. 
Thus,  the  heat  produced  during  the  complete  combustioo 
of  dipropargyl  (C,H,)  is  about  850,000  gram-units,  while  that 
produced  during  the  combustion  of  the  isomeric  molecule 

1  See  Chapler  IV.  Section  i. 

'  fltr.li,iiii;  yttimtU /Or ff-att.  Cliimic.^.  if;  und  ifijj  uiii  ZaltAt-h 

fhyiihal.  Chcmit.  1,  369.     Sec  tHaaffisi,  chap.  IV..  par,  134. 


benzene  is  about  800,000  gram-units ;  hence  the  amount  of 
cnei^-  associated  with  the  arrangement  of  six  atoms  of 
carbon  and  six  atoms  of  hydrogen  in  the  molecule  of 
benzene  is  less  than  that  associated  with  the  arrangement 
of  the  same  numbers  of  the  same  atoms  in  the  molecule 
of  dipropargyl.  But  in  the  molecule  of  benzene  each  carbon 
atom  is  at  least  trivalenl  (and  possibly  letravalent),  while  in 
that  of  dipropargyl  some  of  the  carbon  atoms  are  certainly 
divalent';  hence,  it  might  apparently  be  concluded,  that  more 
enei^y  is  degraded  in  the  formation,  from  atoms  of  carbon  and 
hydrogen,  of  a  molecule  in  which  all  the  carbon  atoms  act  as 
tri-  or  tetravalent  atoms,  than  of  an  isomeric  molecule  in 
which  some  of  the  carbons  act  as  divalent  atoms.  But  it 
must  be  remembered  that  in  the  benzene  molecule  each 
carbon  atom  directly  interacts  with  not  more  than  one  atom 
of  hydrogen,  and  with  at  least  two  other  atoms  of  carbon ; 
whereas  in  the  molecule  of  dipropargyl  it  is  very  probable 
that  two  of  the  carbon  atoms  directly  interact  each  with  a 
single  other  carbon  atom,  and  also  that  some  of  the  atoms 
of  carbon  interact  each  with  two  atoms  of  hydrogen.  Hence, 
if  we  may  provisionally  draw  a  general  conclusion  from  the 
very  limited  data  before  us,  it  might  be  inferred  that  the 
differences  between  the  quantities  of  energy  associated  with 
different  isomeric  atomic  systems  depend,  among  other  con- 
ditions, on 

(1)  whether  each  atom  directly  interacts  with  the 
maximum  number  of  other  atoms;  in  other 
words,  on  the  actual  valencies  of  the  atoms  in 
the  molecules;  and 

(z)  on  the  nature  of  the  atoms  between  which  direct 
interaction  occurs;  in  other  words,  on  the  dis- 
tribution of  the  interatomic  reactions. 

^         The  following  data,  in  addition  to  the  numbers  already- 
given    for  the  heats   of  combustion  of  benzene  and  diprt>- 


b- 


e  iinully  adopted  foiniula  for  the  tlipropurgyl  molcculi 
jDlaiii)  1  letra'  and  4  divaleul  cailjon  alomi. 
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ipiricalformulaj 


xide 

H3C  — O  — CH3 


344,0- 


>  grnm-u 


"Wc  have  here  two  molecules  each  containing  a  pair  of  tetra- 
valent  carbon  atoms,  one  divalent  oxygen  atom,  and  six 
mono\'alcnt  hydrogen  atoms,  but  in  one  of  the  molecules 
each  carbon  atom  directly  interacts  with  three  hydrogen  and 
one  oxygen  atoms,  while  in  the  other  the  arrangement  of 
the  atomic  interactions  is  less  symmetrical, 

Other  examples  are  afforded  by  the  following  groups  of 
compounds ; — 

t[]}  allyl  alcohol 44.^o< 

CHj.CH.CH;,OH 


FmpiHcairortrniis 
C,H,0 


Empirical  foiTu 
C,H,0, 


{2)  propaldchyde 

CH,.CH.,CHO 


CH3.CO.CH3 


/(l)  methyl  formaie 252,0c 

H . COOCH3 


CH,,COOH 


((1)  eihyl  acetate  5S4,ooo 

I-  CH,.CO.OCH,.CH, 

nptneal  Tonnula 

C,H.O,  (2)  butyric  acid     497,ax) 

I  CH(CH,),.COOH 


|(0 


;  4  hydroxy  ben  zoic  acid, 

C„H,(OH)CO,H     7S2.0 


tpirical  formula- 
CrH„0,  I 


1(3)  HI 


7S4/>oo 
7Sfta» 


j  The  data  arc  not  sufficient  to  warrant  any  precise  state- 
All  as  to  the  relations  between  greater  or  smaller  quantities 
I  energy  and  molecular  structure.     It  is  possible  that   the 
;  of  beni'-cnc  and  dipropargyl  is  typical,  and  that  of  two 
M.  C.  \7, 
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^inoleciilca   one   of   which   belongs   to  the   class 

^niJ   the  other  to  that  of  open-chain  molecuI< 

ilvvays  contains  relatively  less  energy  than  ti 

also  possible  that  of  two  isomeric  carbon  coi 

molecules  of  which   belong   to   the   opcn-clia 

which  Hj  <  2n^  +  ...  2,  that  containing  the  great 

|>f  tetravalcnt   carbon   atoms  contains  the   small 

icrgy,   provided    that  the    distribution   of  t 

:inn.s  is  the  same,  or  nearly  the  same,  in  t 

■cuius.     Or   again   it  may  be  that  when  the  actii 

of  the  atoms  in  two  or  more  isomeric  molecul 

lame,  that  molecule  in  which  the  atomic  interactioi 

luted  so  as  to  produce  the  greatest  d^ree  of  syr 

I  marked  by  the  smallest  amount  of  energy'.     Bi 

i  yet  no  accurate  knowledge  which  may  enable  i 

applicability  of  these  suggestions. 

;crtcd  (as  seems  possible  in  a  k'- 
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An  attempt  will  be  made  in  a  future  chapter  to  summarise 
the  more  important  physical  phenomena  between  which  and 
inolt.<cular  structure  in  general  there  is  an  established  con- 
nexion (Chapter  IV,)-  Here  I  would  only  remark  that  the 
researches  of  various  chemists  on  the  'specific  volumes'  of 
liqm'd  compounds  seem  to  shew  that  the  influence  of  any 
atom  on  the  'specific  volume'  of  a  compound  molecule  is 
dependent,  not  only  on  the  nature  and  the  actual  valency 
of  that  atom,  but  also  on  the  nature  of  the  other  atom,  or 
atoms,  between  which  and  the  given  atom  there  is  direct 
interaction.  It  is  also  probable  that  while  the  influence 
exerted  by  a  polyvalent  atom  on  the  'molecular  refraction' 
of  isomeric  carbon -containing  molecules  is  to  a  large  extent 
dependent  on  the  actual  valency  of  that  atom,  nevertheless 
tliis  influence  is  also  sometimes  connected  with  the  nature  of 
the  other  atoms  between  which  and  the  given  atom  there  is 
direct  interaction  in  the  molecule  {s.  Chapter  iv.  Sect.  2). 
fO  Much  is  to  be  expected  from  researches  into  the  phe- 
nomena which  occupy  the  border-land  between  chemistry 
and  physics.  If  the  knowledge  chemi.sts  already  have  of  the 
iicture  of  molecules,  meagre  though  that  knowledge  be,  can 
;  supplemented  by  deflnitc  dynamical  conceptions,  obtain- 
ble  in  part  by  the  methods  of  thermal  chemistry,  then  we 
tey  hope  that  chemistry  will  enter  on  a  new  stage  of  advance 
B  a  branch  of  the  science  of  matter  and  motion.  It  seems  to 
he  that  a  most  important  step  will  be  made  by  abandoninfj 
pc  vague  conception  of  atomic  valency  which  finds  ex- 
tession  in  such  phrases  as  'single  and  double  bonds,"  satis- 
|Ction  of  one,  two,  or  more  valencies,'  and  the  like;  with  this 
fit  go  all  those  quasi-dynamical  expression.s,  the  offspring 
f  loose  and  slipshod  ways  of  thinking,  which  have  gathered 
ound  that  strange  anomaly,  a  '  unit  of  aflinity,'  employed  as 
3  Variable  standard  for  measuring  nothing, 

If  it  is  decided  that  the  valency  of  an  atom  expresses 
**'*^  rnaximum  number  of  other  atoms  between  which  and  the 
fi'vcn  atom  there  is  direct  interaction  in  any  molecule,  and 
agreed  to  measure  this  valency  by  the  maximum 
iHMk'ni  .It s    i.L'  atoms  of  hydrogen,  fluorine, 
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iromine,  or  iodine)  which  combine  with  the  spi 
fnrm   a  molecule,  then   we  are   put  in    poss 
nite  cniiceplion   which  may  be  applied  to  ac 

phenomena,   and    the    application    of   whicl 

lead    to   more   precise    knowledge   regardin 
)n  of  the  atomic  interactions  in  various  molt 
ic  same  time  that  we  are  classifying  molecu 
:c  with  the  valencies  of  their  constituent  aton 
bution  of  the  interactions  of  these    atoms, 
c  with  their  structure,  we  are  also  becoming 
.  with  the  inadequacy  of  this  classification  ;  \ 
Id  opening  for  investigation,  we  see  that  me 

losses  or  gains   of  energy  are  required,  am 
ttlons   of  many  physical   constants  are   calle 
1,  I  think,  to  perceive  that  this   knowledge, 
,ill    liuppleinent   and    not    supplant    that    \vh 
i.sscsscd  by  u^.  and  that  it  will  do  this  by  lead 

knuwIulLje    of  the  way  in   which  the  variatj' 

pAIMI.§§9'-92]         (IF.OMKTUILAL   ISOMERISM.  l8l 

fbstratious  of  modifications  in  properties  being  correlated 
h  variations  in  mutual  actions  between  groups  of  molecules 
her  than  between  the  atoms  constituting  each  molecule; 
I  that  the  remaining  cases  are  true  residual  phenomena, 
f  present  inexplicable  in  terms  of  the  generally  accepted 
pothcsis  but  not  therefore  of  necessity  destructive  of  this 
hypothesis. 
J2  One  of  the  limitations  almost  universally  placed  on  the 
application  of  the  molecular  and  atomic  theory  to  explain 
the  facts  of  isomerism  consists  in  simplifying  the  phenomena 
to  be  explained  by  assuming  that  the  atoms  which  form  a 
molecule  are  arranged  in  one  plane. 

Chemists   have   always  recognised   that  a  complete  me- 
tanical  conception  of  the  atomic  structure  of  a  molecule  was 
■possiblt:  unless  the  conception  included  the  spatial  arrange- 
Icnt  of  the  atoms  which  form  the  molecule.     Attempts  have 
icn  made  from  time  to  time  to  formulate  such  a  conception. 
n't  Uoff',  following  Le  Be!',  in  1875  tried  to  gain  a  definite 
Mion  of  the  -spatial  arrangement  of  the  atoms  forming  the 
lolcculcs  of  certain   carbon   compounds.     Considering   the 
nolccule  CRRRR,  where  each  R  represents  a  different  mono- 
valent atom  or  atomic  group,  van't  Hoff  supposed  the  carbon 
atom  to  be  placed  at  the  centre  of  a  regular  tetrahedron  and 
^HBch  monovalent  radicle  to  be  placed  at  one  of  the  summits  ; 
^■iro  different  tctrahcdra  would  thus  result,  bearing  to  each 
^Hnier  the  relation  of  an   object  to  its  reflected  image,  and 
^thcapable  of  being  superposed  in  whatever  position  they  may 
be  placed. 

The  more  immediate  object  of  this  conception  was  to 
connect  the  power  of  rotating  the  plane  of  polarisation  of  a 
ray  of  light  possessed  by  certain  compounds  of  carbon  with 
the  atomic  structure  of  the  molecules  of  these  compounds 
(for   raore   details  s.  Chap.   IV.   par.   416).     Wisliccnus  has 


>  shewn  by  the  tone  wilh  which  opticnlty  nclivc  nmylic  alcohol  and 
Tklfric  add  uc  i^nvcflol  inlu  tile  inicliit;  alcohol,  anil  acid,  Hriihoul  change  uf 
i^onioil  propeiUes.    Six  Armsimng  and  Gruv»,  Organic  Chtmuity,  p.  44^ 

>  Ht^t.  Set.  C*i«:  33.  ,[,-:  M-  w'. 
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recently  extended  the  notions  of  van't  Hoff  and  Le  B<i 
regarding  the  spatial  arrangement  of  atoms;  he  has  ea- 
dcavoured  to  shew  that  the  greater  number,  if  not  all,  of  the 
well-established  facts  of  isomerism  which  He  outside  of  the 
ordinary  hypothesis  find  an  explanation  in  terms  of  the  geo- 
metrical conception  of  the  molecule  suggested  by  van't  Hoff', 
3  Although  atomic  valencies  can  be  accurately  determined 
only  by  the  examination  of  a  certain  class  of  gaseous  mole-' 
cules,  yet  we  may  carry  over  the  general  conception  < 
limited  direct  atomic  interactions  from  gaseous  molecules  and 
apply  it  to  the  reacting  atomic  aggregates  of  solid  and  liquid 
compounds.  This  is  done  by  WisUcenus.  Most  of  the  phe- 
nomena to  be  explained  are  exhibited  by  compounds 
carbon  which  cannot  be  gasified  without  decomposition. 
WIslicenus  assumes  that  in  the  molecules  or  atomic  aggregatts 
of  these  compounds  no  carbon  atom  can  directly  interact 
with  more  than  four  other  atoms. 

The  geometrical  conception  which  WisUcenus  forms  of  ihe 
molecule  of  a  carbon  compound  Is  that  each  carbon  atom  is 
situated  at  the  centre  of  a  regular  tetrahedron,  and  that  cad 
can  directly  Interact  with  four  other  atoms  or  radicles  situated 
relatively  to  the  carbon  atom  as  the  four  summits  of  a  n^iir 
tetrahedron  are  situated  relatively  to  the  centre.  A  molecule 
containing  a  pair  of  tetravalent  ('singly  linked')  carbon  atontf 
of  the  general  form  C^„  where  a =a  monovalent  atom  or  radiclti 
is  represented  by  two  tetrahedra  with  one  pair  of  comniM 
summits;  a  molecule  containing  a  pair  of  trivalent  ('doubly 
linked ')  carbon  atoms — C^,— is  represented  by  two  tetrahedn 
with  two  pairs  of  common  summits;  and  a  molecule  c 
taming  a  pair  of  divalent  {'trebly  linked')  carixtn  i 
— C^ — is  represented  by  two  tetrahedra  with  three  paired 
common  summits.  Figures  i,  2,  and  3  represent  these  g 
metrical  conceptions. 

In  a  molecule  of  the  composition  C^^d^  where  a,  r 


'  ijbeT  die  railmllctie  Anordnung  der  Atome   In  orEanJaclieu 
nnd  tbre  BeEUmmung  in  KeometrlBcben-laoinereD  lUKeBiittlstcn  VarblBdn^ 
A-i'iiiffl.  Siuhiii.hm  Gtsdhchaft  dtr   H-mt„scl,a/Uii  {malh-fhyiiuhi 
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sents  two  identical  monovalent  atoms  or  radicles,  and  b^  repre- 
sents two  monovalent  atoms  different  from  a,  chemical  iso- 


Fig.  I. 


Fig.  2. 


Fig.  3. 


merism  may  arise  because  of  different  arrangements  of  the 
atoms  ;  thus  we  may  have 


(I) 


b  a 

\  / 

C  — C 

/         \ 
b  a 


or 


(2) 


a  a 

\  / 

C  — C 

/  \ 

b  b 


but  the  second  of  these  isomerides  may  exist  in  two  forms 
which  are  geometrically  different  although  structurally  the 
same,  and  either  of  these  geometrical  isomerides  will  bear  to 
the  other  the  relation  of  an  object  to  its  image.  The  three 
forms  of  QfijJt  are  represented  in  figs.  4,  5,  and  6. 

Fig.  4.  Fig.  5.  Fig.  6. 


b"- 


Similarly  a  molecule  of  .the  composition  Qfij)c  may  shew 
chemical  isomerism  ; 

b  a  a  a 

\  /  \  / 


C  — C           ai 

id           C  — C 

/          \ 

/      •    \ 

c             a 

c             b 
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nmits;   the  geometrically  isomeric  molecule  shewn  in  fig. 
us  called  plane-symmetric  because  the  atoms  a  and  b  are 


represented  as  arranged  symmetrically  about  a  plane  passing 
through  the  two  pairs  of  common  summits. 
4  Wislicenus  devetopes  these  conceptions  chiefly  for  molc- 
■  iilcs  containing  two  carbon  atoms.  When  the  molecule 
intains  a  pair  of  divalent  ('trebly  linked')  carbon  atoms 
geometrical  isomerism  cannot  occur;  when  the  molecule 
contains  a  pair  of  trivalent  ('doubly  linked')  carbon  atoms  geo- 
metrical isomerism  may  occur  in  the  manner  illustrated  in 
the  preceding  paragraph;  when  the  molecule  contains  a  pair 
of  tctravalcnt  ('  singly  linked  ')  carbon  atoms  geometrical  iso- 
merism may  ocnir  by  the  rotation  of  one  part  of  the  molecule 
relatively  to  the  other.  This  last  kind  of  isomerism  is  illus- 
trated by  figs.  1 8  and  1 9,  The  cause  of  this  rotation  of  one  part 


I  la  molecule  containing  a  pair  of  tetravalent  carbon  atoms 
BupiKMicd  by  Wislicenus  to  be  the  affinities'  of  the  atoms 
^  The  term  ■fliiiily  i»  hett  uscJ  In  express  the  unknown  properly  of  aloms  by 
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1  carbon  ;  the  configuration  of  the  molecule  tends 
-  that  in  which  the  atoms  with  the  largest  affinities 
■d  nearest  to  each  other. 

■sides  the  affinities  of  the  atoms,  heat  will  probably 
ntation  of  the  parts  of  a  molecule  containing  only 
t  carbon  atoms.     The  most  stable  atomic  configura- 
K  that  caused  by  the  mutual  atomic  affinities ;  but 
is,  some  configurations  will  probably  exist,  and  will 
lease  in   number  as  temperature  rises,  which  con- 
s  arc  caused   by  the  action  of  heat ;   at   high  lem- 
thercfore    a    given    compound    will    probably  be 
for  the  greater  part  of  molecules  the  atomic  con- 
nf  which  is  detcnnined  by  the  atomic  affinities,  but 
less  stable  configurations  will  also  be  present, 
lulecule  containing  a  pair  of  divalent  ('trebly  linked') 
■  >ma  combines  with  two  monovalent    atoms  of  the 
1,  or  t>f  dift'i:rL-nt  kinds,  only  one  geometrical  isomer- 
bu   [innlLiccti.     If  .1   molecule  containing  a  pair  i.'i 

'.  ii.§S'J4-'>5]      (;KOMt:TKiCAL  isumi.;kism. 
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livity,  if  the  hypothesis  of  van  I  Hoft*  is  adopted  {s.  Chap,  iv.) 
:   such  reactions  are  sometimes  known   to  produce  com- 

lUDds  which  do  not  shew  optical  activity.  Wislicenus  sup- 
poses that  in  these  cases  the  two  geometrical  isomcrides  are 
produced  in  equal  quantities,  and  that  as  one  is  dextrorota- 
tory and  the  other  l:evorotatory  the  compound  as  a  whole  is 
optically  inactive.  The  foregoing  statements  arc  rendered 
dt-arer  by  examining  figs.  20  to  27. 


Wislicenus  developes  these  conceptions  and  applies  them 

■  many  cases  of  isomerism  which  do  not  find  an  explanation 

Iterms  of  the  hypothesis  of  valency  when  it  is  limited  by 

ft  condition  that  the  atoms  which  form  a  molecule  must  be 

Presented  as  arranged  in  a  single  plane. 

I  Thus   to   take   the   cases   of  fumaric   and    maleic   acids, 

I,(CO,H),.     Fumaric  acid   is  probably  the  axially  sym- 

Kric.  and  maleic  acid  the  plane-symmetric,  isomeride;  figs, 

I  and    29  represent   these  compounds.     When   malic  acid 

H,(OHKCO,H),  is  heated  to  about  150'  water  is  separated 

fwmaric  acid  is  formed;   this  change  is  represented  in 


rt„„  of  *=I»:^=J„os.  .table  » 
,»mccon6e"a"°",„,pe„ture- 

be  P'°*ftcl  )  carbon  atom.,  o«- 
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figs.  30  and   3L     But  at    170° — 180°  malic  acid   is  partly 
changed   to   maleic  anhydride;  if  we  suppose  that  rise  of 


Fig.  18. 


Fig.  29. 


COOH 


COOH 


COOH 


COOH 


Fig.  30. 


COOH 


COOH 


Fig-  31- 


COOH 


COOH 


temperature  causes  rotation  of  the  parts  of  the  molecule  of 
malic  acid  with  the  production  of  a  geometrical  form  less 
stable  than  the  original  form,  and  that  water  is  then  separated 
from  this  less  stable  form,  we  can  explain  the  production  of 
maleic  anhydride  along  with  fumaric  acid  by  heating  malic 
acid.    Figs.  32  and  33  (taken  with  fig.  30)  represent  this  process. 

Fig.  31.  Fig.  33. 


OH 


COOH 


COOH 


Maleic  acid  is  changed  almost  wholly  to  fumaric  acid  by 
interacting  with  hydrochloric  or  hydrobromic  add. 


liccnus  supposes  that  an  additive  compound  is  produced, 
that  rotation  of  the  parts  of  this  molecule  then  occurs  caused 
by  the  aflinities  of  the  atoms  H  and  Br  and  the  group 
COOH,  and  that  HBr  is  then  split  off;  the  mechanism  of 
the  change  as  thus  imagined  is  shewn  in  figs,  34  to  37. 


'■■'£•  M- 


Fig.  3S- 


Fumaric  acid  combines  with  bromine  forming  dibromo- 
succintc  acid,  which  when  boiled  with  water  yields  hydro- 
bromic  and  bromoraaleic  acids.  Maleic  acid  combines  with 
bromine  forming  isodibromosuccinic  acid,  and  this  when 
boiled  with  water  yields  hydrobromic  and  bromofumaric 
acids.  These  changes  are  easily  explained  in  terms  of  WisH- 
cenus'  conception,  by  supposing  that  in  each  case  an  additive 
compound  is  formed,  that  the  atomic  affinities  then  cause 
rotation  of  the  parts  of  the  molecules,  and  that  hydrobromic 
acid  is  then  split  off.     Figs.  38  to  45  represent  the  changes. 

Other  reactions  of  fumaric  and  maleic  acid  are  considered 
and  explained  by  Wislicenus.  The  only  reaction  of  these 
acids  which  is  inexplicable  in  terms  of  the  geometrical  hypo- 
I  thesis  of  isomerism    is   that  of  bromine  with  acetylene  di- 


J 
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carboxylic  acid,  C/CO,H),,  whereby  dibromofumaric  acid  is 
said  to  be  produced.     The  geometrical  hypothesis  requires 


Fig.  3S. 
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Fig.  40. 
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Fig.  4r. 
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Fig.  42. 


COOH    H 


COOH 


Fig.  43- 
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Fig.  44. 


Fig.  45- 
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the  production  of  dibromomaleic  acid.  But  Wislicenus'  ex- 
periments have  proved  that  hydrobromic  acid  is  always  pro- 
duced in  this  reaction,  and  that  if  care  is  taken  to  limit  the 
yield  of  this  acid  as  much  as  possible,  some  dibromomaleic 
acid  is  produced.  The  production  of  dibromofumaric  add 
is  easily  explained  by  the  interaction  of  the  hydrobromic 
and  bromomaleic  acids  produced  in  the  principle  reaction. 
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^^P    There  can  be  no  doubt  as  to  the  ingenuity  of  the  ex- 

^Henslon  of  van't  HofTs  geometrical  conception  made  by  Wis- 

■  Ikcnus.     One  point  which  appears  to  me  to  be  gained   by 

this  hypothesis  is  the  possibility  of  keeping  separate  the  two 

conceptions  of  atomic  valency  and   atomic  affinity,  and   of 

using   both   in  explaining   the   configurations   and    chemical 

properties  of  molecules. 

96        We  have  thus  found  that  to  trace  the  connexions  between 

_  the  compositions  and  the  properties   of  changing  material 

^Brjrstcms  has  always  been  regarded  as  the  fundamental  problem 

^BtT chemistry.     Attention  has  sometimes  been  almost  confined 

*to  the  composition  of  substances  forming  such  systems,  at  other 

times  the  properties  of  the  systems  and  their  components 

have  been  regarded  as  chiefly  important.     We  found  that  as 

chemistry  advanced  it  became  neccssarj'  to  know  more  than 

the  mere  elementary  composition  of  bodies ;   having  gained 

the  atom  and   the  molecule,  chemists  were  soon  convinced 

that  the  arrangement  of  the  same  atoms  might  vary,  and  that 

properties  might  therefore  be  correlated  not  only  with  atomic 

composition  but  also  with  atomic  configuration.     We  traced 

this   conception   through   the  dualism  of  Berzelius  and  the 

unitary    system    of    Dumas.    Laurent,    Gerhardt    and  others, 

through   the  hypothesis   of  compound    radicles  and   that  of 

types,  to  the  time   when    Frankland    and    Kekule    gave    it 

greater    precision    by    arranging   the   elementary   atoms   in 

groups  according  to  the  maximum  number  of  other  atoms 

with  which  each  was  found  to  combine. 

But  we  saw  that  the  expression  equivalency,  or  valency, 
of  atoms  gradually  came  to  be  used  in  a  loose  and  inexact 
manner.     We  found  that  the  comparison  of  monovalent  with 
divalent,  &c.  atoms,  when  unchecked  by  accurate  dynamical 
knowledge,  led  to  the  belief  that  the  terms  in  question  ex- 
pressed in  some  vague  way  quantitative   measurements   of 
interatomic  forces,  and  to  the  conclusion  that,  inasmuch  as 
^_MC  divalent  atom  could   directly  bind  to  itself  two  other 
^^bms,  while   one  monovalent  atom  could  directly  interact 
^Htth  only  a  single  other  atom,  in  a  molecule,  therefore  the 
^^Bvalent  ntom  w.is  capable  of  exerting  twice  as  much  force 
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as  the  monovalent  atom.  The  latter  part  of  the  foregoing 
sentence  may  I  think  be  taken  as  fairly  representative  of  the 
loose  and  slipshod  way  in  which  dynamical  language  has  too 
often  been  used  in  chemistry. 

We  found  that  attempts  were  made  to  build  a  general 
conception  of  atomic  valency  on  a  shifting  quasi-dynamical 
foundation  ;  but  the  account  given  in  this  section  of  Lossen's 
criticisms  of  the  expressions  *a  bond/  'a  valency/  *a  unity  of 
affinity/  &c.  has  I  think  been  sufficient  to  shew  how  inexact, 
while  apparently  precise,  and  how  narrow,  while  apparently 
far-reaching,  the  conception  in  question  really  is. 

The  objections  raised  against  the  atomic  theory  in  recent 
years  by  some  chemists,  who  nevertheless  made  free  use  of 
the  essentially  atomic  conceptions  of  modem  chemistry,  led, 
it  seems  to  me,  to  a  looseness  of  thinking  about  atoms,  mole- 
cules, and  equivalents,  which  has  done  no  little  harm.  Parts 
by  weight  were  spoken  of  as  if  the  expression  were  synony- 
mous with  atom;  equivalents  were  regarded  as  acting  and 
reacting  with  one  another ;  there  appeared  to  be  a  possibility 
of  chemistry  retracing  her  steps  to  the  time  when  no  precise 
meaning  was  attached  to  any  of  the  terms  atom,  molecule, 
combining  weighty  equivalent,  but  each  was  used  as  nearly 
synonymous  with  the  others.  From  the  possibility  of  such 
retrogression  we  have  been  saved  by  the  general  advance  of 
physical  science.  As  the  molecular  theory  of  matter  became 
more  precise  and  its  applications  more  far-reaching,  it  was 
impossible  for  chemists  to  employ  conceptions  essentially 
molecular  and  atomic  and  at  the  same  time  to  express 
chemical  changes  in  a  notation  based  on  the  notions  of  a 
pre-molccular  era.  It  became  necessary  to  choose  definitely 
between  the  atom  and  the  equivalent,  and  the  great  body  of 
chemists  has  certainly  chosen  the  former. 

But  as  soon  as  attempts  to  found  a  conception  of  chemical 
actions  on  the  basis  of  equivalents  were  abandoned,  it  was 
seen  that  the  conception  of  equivalency  might  be  retained 
and  applied  to  the  elementary  atoms.  To  keep  distinct  the 
conceptions  implied  in  the  terms  equivalent  and  atom,  and  at 

same  time  to  arrange  the  atoms  in  equivalent  groups,  is 
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one  of  the  problems  of  modern  chemistry.  On  this  distinction 
and  on  this  resemblance  is  based  the  molecular  explanation 
of  isomerism.  We  have  found  that  the  study  of  isomerism 
has  done  much  to  render  precise  the  conception  of  the  mole- 
cule as  a  structure  with  properties  dependent  on  the  nature, 
the  number,  and  the  arrangement,  of  the  constituent  atoms. 

'We  endeavoured  to  subdivide  the  conception  expressed  in 
the  words  'arrangement  of  atoms  in  a  molecule'  into  parts, 
and  to  demonstrate  by  illustrations  the  existence  of  a  con- 
nexion between  each  of  these  parts  and  the  properties  of  the 
molecule.  These  illustrations  led  to  clearer  notions  concern- 
ing the  valencies  of  atoms,  and  the  meaning  of  structural 
formula :  these  formulje  we  regarded  as  expressing  the  actual 
valencies  of  the  atoms  in  the  molecule,  i.e.  the  number  of  atoms 
directly  acting  on  and  acted  on  by  each  atom,  and  as  ex- 
pressing also  the  distribution  of  the  atomic  interactions,  i.e. 
the  nature  of  the  atoms  in  direct  mutual  connexion ;  but  we 
tried  not  to  attach  any  quantitative  meaning  to  the  symbols 
used  for  expressing  atomic  valencies  and  the  distributions  of 
atomic  interactions.  We  also  glanced  at  the  geometrical  con- 
ception by  which  van't  Hoff  and  Wislicenus  have  sought  to 
picture  the  connexion  between  the  properties  of  isomeric 
molecules  and  the  configurations  of  the  atoms  which  form 
these  molecules. 

The  hypothesis  of  valency  as  thus  used  leads  to  dynamical 
conceptions  but  regards  these  as  outside  its  sphere  :  it  points 
the  way  along  which  progress  will  be  made.  Attempts  must 
be  made  to  apply  thermal,  optical,  and  other  physical,  methods 
of  research  to  the  investigation  of  chemical  problems;  thus 
wc  may  hope  to  gain  clear  and  precise  knowledge  regarding 
the  connexion  between  the  structure  and  the  stability  of  mole- 
cules, in  so  far  as  the  latter  is  measured  by  variations  in  the 
quantities  of  energy  associated  with  different  molecules. 

Appendix  to  Section  IV. 

To  have  given  a  detailed  account  of  Lossen's  criiicjsms  of  (he 
generaUy  accepted  views  regnrding  'valencies'  or  'units  of  affinity'  in 
the  text  of  the  section  on  isomerism,  would  have  involved  too  great 
Di«rrupli«n  of  the  main  argument  of  that  section.    But  as  Lossen'i 
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e  of  great  importance  I  propose  to  give  some  atxou 


criticisms  see: 
of  them  here. 

The  many  and  varied  hypotheses  concerning  valency  set  forth 
chemists  of  acknowledged  authority  mny  be  divided,  says  Lossen,  ii 
three  groups  :— 

I,  Those  hypotheses  which  regard  'an  affinity' as  a  definite  quantil 
of  matter,  or  as  an  action  of  some  kind  proceeding  from  a  definil 
quantity  of  matter. 

I I.  Those  which  regard  'an  affinity'  as  a  part  of  an  atom,  or 
least  as  something  connected  with  a  part  of  an  atom. 

in.  Those  which  regard  the  'affinities'  of  an  atom  as  defini 
forms  of  motion  of  the  atom. 

I,  Erlenmeyer'  has  developed  the  conception  of  * AffinivaltHeits. 
He  states,  as  a  rule  without  exceptions,  that  "in  all  chemical  combr 
nations  a  constant  quantity  of  one  element  always  attracts  a  constant 
quantity  of  another."  These  constant  quantities  are  the  '  affinivaknciej' 
of  the  elements:  one  affinivalency  of  element  a  always  binds  to  its« 
one  affinivalency  of  element  b.  The  affinivalency  of  carbon=3.  1 
oxygen=8.  Now  in  CO3  we  have  3  parts  by  weight  of  carbon  cobIt 
bined  with  8  of  oxygen,  but  in  CO  the  same  amount  of  carbon  wii 
only  4  parts  by  weight  of  oxygen ;  Erlenmeyer's  general  law  does  tli 
therefore  always  hold  good.  If  it  be  said  that  a  constant  quantity  d 
one  element  altrttcU  (not  combines  with)  a  constant  quantity  of  anothoi 
then,  as  in  CO,  6  parts  by  weight  of  carbon  attract  16  of  oxygen,  n 
must  suppose  that  in  CO  16  parts  by  weight  of  oxygen  are  a 
by  6  of  carbon,  and  that  the  remaining  6  of  carbon  have  no  atiractict 
action  on  the  oxygen. 

Atoms  and  relative  c|uantities  of  matter  are  compared  by  Erlenmeyer: 


but  relative  quantities  do 

there  is  one  atom  of  cartion  and 

attract  one  another;   half  an  ai 

existence.     The  hypothesis  that  , 

indivisible,  might  be  made,  but 

equivalent   is   regarded   as 

sometimes  one,  sometimes  two  (or  1 

The  molecule  CH,  is  composed  of 

of  hydrogen,  we  may  say  that  3  parts  by  weight  of  carbon  here 

I  part  by  weight  of  hydrogen ;  so  in  CCI,  it  may  be  said  ihal  3  j/k 

of  carbon  attract  35'5  parts  of  chlorine.     Bui   in   CH,Cl    13    para 

carbon  attract  3  parts  of  hydrogen  and  355  pans  of  chlorine ;  in  )A 

of  13  parts  of  carbon  we  may,  if  we  choose,  say  9  +  3  parts,  just  tt 

might  say  that  7  +  5  — iz,  or  ^144=  12;  but  wc  cannot  say  thai  9  |H 


each  other.     In  the  moleciJe  CO 
:om  of  oxygen,  and  these  aU 
nnot   attract  because    il   has 
n  is  non-homogencotls, 
made,  by  Erienmeyci. 
quantity,  this  quantity  a 
■)  equivalents  of  other  elei 
atom  of  carbon  and  four 


0  (he  work  of  the  v 


:s  chemists  mentioned,  well 
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^^pf  carbon  iilti3C(  3  parts  of  hydrogen  and  the  remaining  3  parts  of 
^K^vbon  attract  the  3;';  parts  of  chlorine.  If  we  suppose  the  carbon 
"  atoni  to  be  perfectly  homogeneous.  Ihen  (lie  whole  atom  interacts  with 
the  chlorine  atom  and  with  each  of  ihe  hydrogen  atoms ;  if  we  suppose 
thai  the  atom  of  carbon  is  possessed  of  a  structure,  it  remains  to 
explain  in  what  respect  one  part  of  the  aiom  differs  from  the  other 
parts:  hut  n  fiart  0/  an  atom  is  not  the  same  thing  as  a  fraction  of  the 
relative  ■weigki  0/  an  atom. 

Hofmann  speaks  of  'an  affinity'  as  a  force  proceeding  from  a  con- 
stant mass  of  an  element,  which  mass  he  regards  as  the  equivalent  and 
defiaes  as  'the  minimum  atom-binding  quantity'  of  the  element.  He 
nevertheless  uses  an  equivalent  as  a  varying  quantity.  By  an  arbitrary 
choice  of  certain  values  for  the  equivalents  of  the  elements  it  is  possible 
that  the  number  obtained  by  dividing  the  atomic  weight  by  the  equiva- 
lent weight  of  any  element  should  be  the  same  as  the  number  expressing 
the  maximum  number  of  hydrogen  atoms  which  can  be  bound  by  one 
uiom  of  the  given  element. 

I~  Meyer  also  speaks  of  the  action  of  quantities  by  weight  of  one 
element  on  atoms  of  another  element.  In  one  place  he  defines  equiva- 
lent quantities  of  elements  as  those  quantities  which  are  able  to  bind 
lo  themselves,  directly  and  without  the  intervention  of  a  third  substance, 
equal  quantities  of  other  substances,  We  should  expect  16  parts  by 
weight  of  oxygen  to  be  equivalent  to  12  parts  by  weight  of  carbon,  and 
lo  14  parts  by  weight  of  nitrogen,  because  16  parts  of  oxygen  directly 
bind  16  of  oxygen  in  0„  14  of  nitrogen  in  NO,  and  13  of  carbon  in 
CO :  but  Meyer  supposes  two  free  affinities  in  the  last  named  molecule, 
Le.  hi!  supposes  that  Y  P^'''*  of  carbon  bind  16  parts  of  oxygen,  although 
tite  molecule  CO  contains  one  indivisible  atom  of  carbon  and  one  in- 
divisible atom  of  oxygen. 

Those  hypotheses  in  which  'affinities'  are  regarded  as  constant 
weights  of  matter,  or  as  actions  proceeding  from  constant  weights,  arise, 
according  to  Lassen,  from  not  sufficiently  marking  the  distinction  be- 
tween the  equivalent  and  the  atom.  Equivalent,  or  combining,  weights 
are  relative  weights  of  divisible  masses ;  atomic  weights  are  relative 
weights  of  indivisible  masses.  If  the  atomic  hypothesis  is  adopted  we 
mu&t  regard  atomic  weights  as  relative  weights  of  mutually  reacting 
bodies  ;  but  equivalent  weights,  in  so  far  as  they  differ  from  atomic 
weights,  art  relative  weights  of  imagined  sums,  or  fractions,  of  these 
bodies.  Bodies  whose  relative  weights  are  equal  to  these  equivalent 
weights  do  not  mutually  react  in  molecules.  To  find  equivalents,  parts 
by   weight  should  be  compared  with  parts  by  weight,  or  atoms  with 

II.  Besides  the  hypothesis  of  '  affini valencies'  already  referred  lo, 
Ericnmeycr  also  speaks  of  mutual  actions  between  atoms  as  occurring 
at  certain  points  of  these  atoms.    This  may  mean  either  that  contact 
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(not  of  course  absolute  contact)  between  the  reacting  atoms  is  made 
at  these  points,  or  that  mutual  atomic  action  occurs  only  when  these 
attracting  points  coincide.  The  attracting  points  must  be  considered 
as  qualitatively  different  from  the  rest  of  the  atoms.  The  form  of  poly- 
valent atoms  must  be  such  that  several  points  of  one  can  touch  the 
same  number  of  points  of  another:  the  positions  of  the  points  must  be 
such  that  when  some  of  these  points  are  in  contact  it  is  not  necessar>' 
that  all  should  be  in  contact.  To  fulfil  these  conditions  without  sup- 
posing the  form  of  the  atoms,  or  at  any  rate  the  positions  of  the  points, 
changeable,  is  exceedingly  difficult.  This  hypothesis  of  Erlenmeyer 
tends  to  foster  the  notion  of  an  attractive  force  proceeding  from  different 
parts  of  elementary  atoms  ;  Kekul^'s  graphic  formulae  do  not,  probably, 
imply  this  conception,  but  these  formulae  may  be,  and  have  been,  used 
as  if  this  conception  were  true. 

A  qualitative  difference  between  parts  of  an  atom  can  only  mean 
that  some  parts  are  chemically  active  while  others  are  chemically  inactive. 
If  the  inactive  parts  are  composed  of  imponderable  matter  then  each 
;/-valent  atom  must  be  made  up  of  n  atoms;  we  thus  arrive  at  atomic 
weights  different  from  those  on  which  the  science  of  chemistry  at  present 
rests.  If  the  inactive  parts  consist  of  ponderable  matter,  then  in  the 
case  of  action  between  different  atoms  we  have  action  through  the  ether, 
but  in  the  case  of  action  between  parts  of  the  same  atom  we  have  action 
through  ponderable  chemically  inactive  matter.  In  either  case  it  appears 
that  the  notion  of  atom  must  be  very  different  from  that  at  present 
adopted,  and,  it  would  seem,  necessarily  adopted  if  facts  are  to  be 
explained. 

But  it  may  be  supposed  that  the  active  parts  of  the  atom  are  in 
a  different  electrical  condition  from  the  inactive  parts.  If  electricity 
be  a  form  of  motion,  then  some  parts  of  an  indivisible  atom  must  be 
supposed  in  motion  while  others  are  not ;  if  electricity  be  a  fluid,  then 
we  have  a  material  difference,  arising  from  the  partial  fixation  of  this 
fluid,  between  the  active  and  inactive  parts  of  the  atom.  Both  of  these 
hypotheses  are  opposed  to  the  fundamental  conception  of  atom^ 

Michaelis  has  supposed  that  the  attractive  force  of  an  atom  is  exerted 
in  certain  fixed  directions  only.  On  this  hypothesis  a  straight  line 
joining  two  atoms  which  are  directly  bound  together  may  be  regarded 
as  expressing  the  direction  of  the  mutually  exerted  force;  an  if-valent 
atom  has  n  such  directions.  If  this  atom  is  directly  bound  to  fewer 
than  n  atoms,  say  to  n-  x  atoms,  then  the  mutual  action  is  exerted 
in  n-x  directions.  Lossen  expresses  his  general  agreement  with  this 
interpretation  of  the  hypothesis  of  Michaelis.     But  if  that  chemist  sup- 

^  This  criticism  is  rather  weak :  we  know  too  little  as  to  what  electricity  is  to 
hazard  such  criticism  as  this ;  besides,  Helmholtz  has  shewn  that  there  is  probably 
a  close  and  definite  connexion  between  the  valency  of  an  atom  and  the 
charges  on  that  atom;  see  Book  11. 
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poM^s  [hat  to  every  atom,  regarded  as  a  point,  there  are  always  attached 
a  fixed  number  of  such  'lines  of  force,'  then  it  is  asked  'on  what  does 
the  atom  act  when  il  is  bound  to  less  than  its  maximutn  number  of 
other  atoms?' 

The  objection  urged  to  van't  HoITs  form  of  the  hypothesis  now  being 
discussed,  is,  that  by  this  diemist  the  ' affinities'  of  an  atom  are  imagined 

» arranged  in  a  delinile  form  in  space;  but  as  we  cannot  define  an 
mity.'  much  less  can  we  assign  geometrical  figures  to  the  arrange- 
nl  of  these 'affinities''. 
II  I.  L.  Meyer  supposes  that  there  is  one  position  at  which  a  mono- 
^-alcnt  atom  during  its  vibration  can  combine  with  another  atom  to 
form  a  stable  compound,  that  there  are  two  positions  at  which  a  divalent 
atom  can  combine  with  another  atom,  and  so  on.  In  the  molecule  NH, 
we  have  one  trivalenl  and  three  monovalent  atoms;  the  nitrogen  atom 
swings  through  three  positions  at  each  of  which  it  can  take  up  one 
hydrogen  atom.  In  the  molecule  OH.  the  divalent  oxygen  atom  swings 
through  two  such  positions.  In  the  molecule  NO  it  appiears  as  if  the 
three  positions  of  possible  combination  passed  through  by  the  triad 
nitrogen  atom  must  abo  be  touched  by  the  path  of  the  diad  oxygen 
atom,  but  it  so  the  oxj'gcn  atom  may,  in  some  circumstances,  be 
Irivalent. 

The  results  of  0.  E.  Meyer's  physical  and  dynamical  investigation  of 
the  forms  of  molecules  are  not  in  harmony  with  this  view  of  L  Meyer. 
The  form  of  a  molecule  would  appear  10  be  dependent  more  on  the 
□umber  of  the  constituent  atoms  than  on  the  valencies  of  these  atoms; 
but  on  L.  Meyer's  hypothesis  the  nature  of  the  path  of  the  atoms  swinging 
in  the  molecule  must  condition  the  form  of  the  molecule,  and  the  nature 
of  this  path  is  itself  conditioned  by  the  valencies  of  the  atoms. 

Kekul^  has  advanced  hypotheses  as  to  the  motion  of  atoms  within 
molecules,  but  these  hypotheses  are  not  sufficiently  definite  to  admit 
of  detailed  criticism.  Losscn  however  objects  to  applying  to  the  motion 
of  atoms  within  molecules  the  conceptions  which  arise  from  a  study  of 
tbc  motion  of  molecules  in  a  confining  vessel.  If  Ihe  atoms  composing 
a  mass  of  hydrogen  molecules  undergo  mutual  collisions,  why,  when 
they  have  separated  a  certain  distance  from  one  another,  is  the  direction 
of  their  motion  changed  until  a  second  collision  occurs?  There  is  no 
confining  mtdecular  wall  answering  to  the  sides  of  a  containing  vessel. 
1 1  it  be  supposed  that  the  atoms  in  molecule  a  enter  into  collision  with 
■Ne  atoms  in  molecule  b  or  c,  then  this  is  equivalent  to  asserting  that 
I  mast  of  hydrogen  is  composed  not  of  diatomic,  but  of  monatomic 
molecules'. 

>  V»ii"T  IlofTn  hypiithesw  as  reecnlly  developed  by  Wisliccnus  is  discussed  in 
pare.  91  to  95- 
^^^  '  Here  again.  I  think  Lessen  carries  his  criticisn  t«i  far.     The  metbodi  of 
^^LecuUi  enqnlry  ate  necessarily  Haliitical;  a  mais  of  hydrogen  m.iy  conlain 
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Among  the  various  developmenis  of  the  hond- hypothesis  of  valency 
not  meniioned  in  the  text,  is  that  which  concerns  itself  with  the  question 
whether  all  the  bonds  of  a  polyvalent  atom  are  of  equal  value,  i 
whether  one  may  be  'stronger'  than  another.  If  the  criticism  applied 
to  the  subject  of  bonds  generally  is  just,  it  follows,  I  ihink,  that  the 
question  alluded  to  is  meaningless;  but  as  it  has  been  hotly  disputed 
about  it  may  be  well  briefly  to  consider  it  here. 

It  is  assumed  in  the  bond-hypothesis  that  the  so-called  adiniti 
atoms  attract  or  satisfy  one  another,  and  hence  those  afRnities  of 
atom  which  are  not  satisfied  by  affinities  of  another  must  be  satisfied  by 
other  affinities  of  the  atom  itself.  No  molecule,  it  is  sc 
can  contain  an  odd  number  of  atoms  of  uneven  valency.  This  outcome' 
of  Gerbardt's  'law  Of  even  numbers'  (see  aHte^  chap.  I.  p.  84)  is 
ever  contradicted  by  the  existence  of  the  molecules  T,  NO,  NOj,  aO„ 
WClj,  VCl,  or  VOClj,  and  cannot  therefore  be  accepted  as  a  statement 
of  facts,  unless  indeed  the  valency  of  an  atom  is  a  number  susceptible 
of  arbitrary  variation.  That  the  maximum  valency  of  each  atom  is 
fixed  is  generally  admitted.  One  school  however  holds  that  (e.g.)  a 
tetrad  atom  is  always  tetrad ;  another  school  asserts  that  a  tetrad  may 
function  as  n  diad  atom.  The  followers  of  the  first  school  maintain 
thai  in  the  molecule  CO,  for  instance,  the  carbon  atom  is  tetravalent, 
but  two  of  its  affinities  are  mutually  satisfied;  the  opponents  of  this 
view  say  that  in  CO  the  carbon  atom  is  divalent,  and  thai  the  other 
pair  of  bonds  is  latent.  The  dispute  has  been  wholly  a  battle  about 
words.  Whether  the  two  bonds  are  latent,  or  are  mutually  satisfied, 
as  Lossen  remarks,  'sivei  und  swei geben  dock  immer  vier' 

But  if  always  existent,  are  the  bonds  always  of  equal  i 
the  two  pairs  of  bonds  which  hold  the  two  oxygen  atoms  to  the  carbon 
atom  in  the  molecule  CO^  equal  in  value  to  twice  the  pair  of  bondt 
by  which  one  oxygen  atom  is  held  to  a  carbon  atom  in  the  molecule 
CO? 

Now  if  we  wish  to  compare  things  we  must  have  a  standard; 
but  I  think  sufficient  facts  have  been  enumerated  to  shew  thai  IW' 
standard  exists  In  icniis  of  which  the  expression  'value  of  a  bond'nujr 
be  stated.  Even  if  the  valency  of  an  atom  is  regarded  as  expressing  the 
total  number  of  parts  into  which  the  chemical  energy  of  that  atom  is- 
divisible,  this  must  mean  that  the  energy  is  divisible  when  there  t! 
action  between  the  given  atom  and  other  atoms  in  a  molecule.  Tfao^ 
assume  for  a  moment  that  the  chemical  energy  of  an  atom  of  carbon  U 
divisible  into  four  parts,  it  does  not  follow  that  each  part  represCQU  I 
fourth  of  the  whole  enei^y,  or  always  represents  the  same  portioD  al 
roany  free  atoms  (or  monatomic  molecules)  and  yet  for  all  piacitcml  1 
l)ehavc  m  if  compiHcJ  entirely  of  diatomic  molecules. 

'  The  stnlemenl  it  sometimes  pul  In  this  form;  'the  sum  of  the  r 
affinities,  of  Ibe  aloms  in  any  molecule  is  always  an  even  number.' 
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ihai  energy.  To  take  an  illustraiion ;  in  the  stable  molecule  CO  we 
musi  suppose,  on  this  hypothesis,  that  the  whole  of  the  chemical  energy 
of  the  carbon  atom  is  employed  in  the  transaction  symbolised  fay  the 
fonnula.  C  -  O ;  again,  in  the  molecule  O  -  C  -  S  the  whole  of  the  energy 
of  the  carbon  atom  is  employed,  but  the  energy  represented  by  O  -  C 
is  probably  different  from  that  represented  by  C  -  S,  and  the  sum  of 
these  is  probably  different  from  that  represented  by  the  expression 
O-C-O,  The  results  of  thermal  measurements  made  by  Thomson 
(see  par,  84,  also  post,  par,  134)  render  it  fairly  certain  that  the  quantity 
of  energy  which  changes  form  during  the  process  symbolically  expressed 
as  'linking  3  pair  of  carbon  atoms  by  a  double  bond'  bears  no  simple 
relation  to  the  quantity  of  energy  which  changes  form  when  'a  pair  of 
carbon  atoms  is  linked  by  a  single  bond.'  The  number  of  possible  ways 
in  which  the  energy  is  distributed  is,  on  this  hypothesis,  measured  by 
the  valency  of  the  atom ;  the  amount  of  the  enei^y  employed  in  any 
atomic  transaction  depends  on  the  nature  of  the  atom  or  atoms  between 
which  and  the  given  atom  there  is  mutual  intramolecular  action'. 

Even  if  we  adopt  this,  the  most  dynamical,  view  of  valency  that  can 
be  adopted  with  any  safely,  the  conlroversy  concerning  equal  and  un- 
equal bonds  is  seen  to  be  a  mere  logomachy'. 


Section  V.     Molecular  Compounds. 

►7  In  the  preceding  sections  we  have  learned  that  some  com- 
pounds can  be  gasified  without  decomposition  while  others 
are  separated  by  heat  into  two  or  more  constituent  parts. 

The  conception  expressed  in  the  term  molecule  can  be 
applied  in  strictness  to  the  former  compounds  only,  and  the 
fimdamental  notions  regarding  the  structure  of  molecules 
must  be  gained  by  the  study  of  such  gasifiable  compounds, 

•  For  0  fuller  working  out  of  this  way  of  regarding  valency  see  Glaus,  Bir. 
1*-  «JJ. 

'  ll  ii  MMnetimes  uid  that  the  hydrogen  atoms  in  the  molecule  of  ben/cne  itre 
of  e<]a»l  talue,  but  when  one  of  these  atoms  is  replaced  by  a  radicle  Ihe  remaining 
five  are  uf  different  vnluct  relalivcty  to  the  radicle  introduced  into  the  molecule. 
To  make  nich  a  statement  ae  this,  it  seems  to  me,  is  to  employ  the  term  value  in 
o  luow  anil  vogue  a  way.  All  the  hydrt^^  atoms  in  a  molecule  of  a  mono- 
uriTative  of  beniene  are  monavilent,  and  therefore  of  equal  value  so  far  as 
■[■iriporlion  in  cichange'  for  chlorine,  bromine  &e.  goes.  What  appears  lo  be 
:iicdjil   by  the  slatemenl   in   question  is,  that   more   than  one   mono-dcrivnlive 

.  'lioro.  bromo- of  generally  A"- derivative)  can  be  obtained  from  the  luole- 

.k:  C,H,^:  but  tliii  is  simply  a  special  illustration  of  the  general  proposition 
:iiil  the  [impeilies  of  compounds  ate  not  wholly  dcxiendcot  on  the  vnlencicE  of 
:^ar  conatilunil  aioms. 
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But,  it  may  be  asked,  is  there  a  distinction  of  kind,  or 
only  one  of  degree,  between  those  compounds  which  can  be 
gasified,  and  those  which  separate  into  parts  when  they  are 
heated?  This  question  has  been  provocative  of  much  dis- 
cussion. Kekul6^  and  others  have  employed  the  term  atomic 
compounds  to  express  those  compounds  which  can  be  vaporised 
without  decomposition,  and  they  have  contrasted  these  with 
molecular  compounds,  meaning  thereby  those  compounds  which 
separate  into  two  or  more  parts  when  heated. 

This  division  of  compounds  has  played  an  important  part 
in  the  development  of  the  hypothesis  of  valency.  Kekule 
has  always  insisted  that  facts  regarding  atomic  compounds 
can  alone  be  employed  as  data  for  finding  the  valencies  of 
elementary  atoms ;  his  opponents  have  retorted  by  de- 
manding a  definition  of  molecular  as  opposed  to  atomic 
compounds,  and  by  shewing  that  every  proposed  definition 
fails  when  applied  to  actual  phenomena. 

But  it  is  not  so  much  as  it  concerns  the  hypothesis  of 
valency  that  the  distinction  implied  in  the  words  atomic  and 
molecular  compounds  ought,  I  think,  to  be  insisted  on ;  if  the 
arguments  put  forward  in  the  preceding  section  are  of  any 
value,  we  must  agree  to  confine  what  may  be  called  the  non- 
geometrical  hypothesis  of  valency  to  gaseous  compounds. 
There  are  however  many  and  varied  phenomena,  all  more 
or  less  belonging  to  the  borderland  between  chemistry  and 
physics,  which  may  conveniently  be  considered  under  the 
heading  of  molecular  compounds. 
98  And  I  would  begin  by  admitting  that  no  strict  definition 
of  molecular,  as  opposed  to  atomic,  compounds,  can  be  given, 
which  shall  enable  us  to  assign  every  disputed  case  to  its 
proper  class.  A  substance  may  yield  a  vapour  which  is 
chemically  homogeneous  below  a  certain  temperature  but 
heterogeneous  above  this  temperature ;  we  cannot  fix  a  limit- 
ing temperature  for  each  group  of  compounds  and  say,  that 
those  which  yield  vapours  homogeneous  above  this  tempera- 
ture are  atomic,  while  those  in  the  vapour  of  which  dissocia- 
tion begins  below  the  temperature-limit  are  molecular. 

''  See  bis  JMrhtch^  Vol.  I.  pp.  141,  14$,  44^  &c.*.  «lao  Cmmfi.  rmtL  Qi.  51a. 
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vuld  again  urge  the  importance  of  remembering  that 
Esay  that  a  gas  consists  of  molecules  of  this  or  that 
Iwtion.  we  refer  and  can  refer  only  to  the  average  com- 
position of  the  gas;  many  molecules  may  be  dissociated  into 
two  or  more  chemically  different  kinds  of  matter,  other 
molecules  may  be  aggregated  into  complex  groups.  Even  in 
an  elementary  gas  at  moderate  temperatures  some  atoms  and 
many  groups  of  molecules  may  be  present  at  any  moment: 
the  values  obtained  for  ihe  specific  gravities  of  gaseous  bro- 
mine and  iodine,  and  for  gaseous  nitrogen  dioxide,  stannous 
chloride,  and  acetic  acid  well  illustrate  the  gradual  nature  of 
the  passage  from  one  average  molecular  state  to  another', 
9  Some  chemists  would  recognise  the  existence  of  molecular 
compounds  in  mixtures  of  two  or  more  liquids,  and  in  solu- 
tions of  salts,  and  of  gases  (e.g.  CO,),  in  water,  In  such  cases 
the  proportions  in  which  the  substances  are  supposed  to  be 
combined  are  very  variable.  It  cannot  be  correct  to  speak 
of  a  molecule  of  the  mixture  of  alcohol  and  water,  or  of  a 
molecule  of  the  solution  of  salt  in  water,  although  it  may  be 
permissible  to  regard  these  liquids  as  containing  groups  of 
molecules  of  alcohol  and  water,  or  of  salt  and  water. 

As  examples  of  bodies  which  seem  to  hold  a  place  between 
definite  chemical  compounds  and  mere  mixtures  may  be  noted 
the  products  of  the  fusion  together  of  sulphur  and  selenion. 
Rathke'  fused  together  sulphur  and  selenion,  dissolved  the 
fused  mass  in  carbon  disuiphide,  and  fractionally  precipitated 
by  gradual  evaporation;  he  then  redissolved  the  various  pre- 
cipitates, and  again  fractionated.  The  precipitates  all  con- 
sisted of  monoclinic  crystals  composed  of  sulphur  and  selenion 
neither  element  exhibiting  the  properties  which  characterise 
l!  in  the  free  stale)  but  varying  in  quantitative  composition 
between  the  limits  expressed  by  the  formula;  SeS,  and  Se,S. 
Kathke  thinks  it  possible  that  elements  which  are  chemically 
very  analt^ous  may  combine  in  varying  proportions  to  pro- 
duce isomorphous  bodies. 

There  are  other  actions  wherein  small  changes  in  physical 

'  Set  liar.  9V-  l*P-  i«i>  »o6— 7. 

»  Ser.lt.  15J4.    .Stfalso  Lchmann,  Zdlichr.f. physikal.  Chimii.  1.  15. 
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conditions  suffice  to  cause  changes  in  the  relative  quantities  oi 
substances  combined  in  definite  proportions ;  for  instanccj 
when  the  substance  containing  water  and  sodium  phosphate 
in  the  proportion  Na,HPO, :  r2H,0  is  heated,  it  very  readily 
loses  water  and  becomes  Na,HPO, .  7H,0.  If  by  molecular 
compound  is  meant,  a  loose  combination  in  definite  pro- 
portions of  two  or  more  chemically  different  kinds  of  matter 
so  as  to  produce  another  kind  of  matter  characterised  by 
fairly  definite  properties  but  readily  undergoing  change,  then 
we  may  certainly  say  that  Na^HPOj.  I2H,0  is  a  molecular 
compound. 

Once  more,  compounds  exist  which  are  characterised  by 
very  definite  properties,  but  which,  when  heated,  undergo 
gradual  change  into  two  or  more  substances,  the  original 
compound  being  gradually  re-formed  as  the  vapours  cooL 
Thus  the  formula  PCI,  expresses  the  elementary  composi- 
tion of  an  undoubted  chemical  compound;  when  this  solid 
substance  is  heated  it  vaporises,  but  the  vapour  can  be 
proved  by  experiment  to  contain  molecules  of  PClg  and  CI,, 
along  with  undecomposed  PCIj.  The  following  numbers 
shew  the  gradual  progress  of  the  change  which  occurs : — 


Calculated  sp.  gr.  of  gaseous  rCi3=7-3 

„  „  gas  consisting  of  PQ,+  Cli  = 


[air-ll 


190 

4-99 

300 

4-85 

330 

430 

250 

400 

274 

384 

288 

3-67 

JOO 

3-6S 

Colculaled  by  nie 

Mi  of  the  formula  / 

417 

44-3 

48-5 
67-4 


96-2 

97-3 

where  p  = 


molecules  decomposed,  Z'  =  observed  sp.  gixv.  of  gas,  >/— Ihenrclical  sp.  ^ 

vapour  supposing  no  di&sodalion   to  occur.     This  formula  assi 
molecule  separales  into  two  parts:   if  each  molecule  separates  into  a  pait)|  4 
y>{d~D) 


formula  is /  = 
pp.  114,  '15- 


y)D 


See  Naumann,  Ijhr-  uhJ  Mandhuik  der  TTttm 


The  following  numbers'  representing  the  specific  gravities 
of  gaseous  nitrogen  tetroxide  at  various  temperatures  exhibit 
the  gradual  dissociation  of  molecules  of  N,0,  into  molecules 
of  NO,:— 

Pprr^nEaoe  innTeniTap  Increase  LP  percCDLagC 


267" 

2-65 

19-96 

3i'4 

3-S3 

=5-68 

39^ 

246 

29-23 

49-6 

2-27 

4ff04 

60-3 

206 

S>-84 

70-0 

1-92 

6557 

8o6 

1-86 

7661 

960 

172 

84-83 

13510 

i-6o 

98-69 

.s  N.O,  i 

s  dark-red  and  near 

■ly  opa 

6-s 


parent  and  nearly  colourless,  the  change  from  one  compound 
to  the  other  can  be  traced  by  observing  the  colour  of  the 
heated  gas. 

A  study  of  the  specific  gravity  of  the  vapour  obtained  by 
heating  acetic  acid,  at  different  temperatures  and  pressures, 
shews  that  the  specific  gravity  decreases  as  temperature  rises 
whether  pressure  be  small  or  great,  and  that  the  specific 
gravity  also  decreases  as  pressure  falls  ;vhether  the  tempe- 
rature be  high  or  low;  in  other  words,  the  vapeur  of  acetic 
acid  becomes  specifically  heavier  by  increasing  pressure, 
temperature  being  constant,  or  by  decreasing  temperature, 
pressure  being  constant'.  The  most  probable  molecular  ex- 
planation of  these  facts  is  to  suppose  that  the  vapour  of  acetic 
acid  at  low  temperatures  contains,  molecules,  or  molecular 
.;roups,  the  parts  of  which  hold  together  throughout  small 
lemperature-intervals,  and  that  these  molecules,  or  groups. 

'  tiavraatiD,  loccil.p.  ilj. 

'  Sec  Ramsay  and  ^'oung,  C.  S.  Journal,  Truu.  for  1BS6.  790  {1.  also 
Blink  II.).  Comparing  Ihe  variations  in  Ihe  specific  gravilira  of  the  vapours  of 
awlic  ■cid.  alcohol,  and  ethei,  Ramsay  and  Young  (PAil.  Mag.  (j)  33.  129) 
!■  .1111(1  Ihal  ihc  ipecific  gravities  of  alcohol  vapour  and  elhet  vapour  increase  as 
' '.iip«nilurc  talis  until  a  certain  point  is  reached  beneath  which  the  iipecilic 
,:riiltie»  ate  undiongcd.  They  conclude  that  the  increase  in  the  specific  densities 
erf  the  v»|iou«  of  alcohol  and  ethei  are  probably  due  10  the  cohesion  of  the 
,  sikI  not  to  the  formation  of  groups  of  molecules. 


^K)ecul 
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are  heavier  than  those  which  compose  the  vapour  of  the  same 
acid  at  temperatures  considerably  above  the  boiling  point  of 
the  compound. 

If  we  define  a  molecular  compound  to  be  one  the  mole- 
cules of  which  may  exist  in  the  gaseous  state  at  low  tempe- 
ratures but  are  gradually  decomposed  into  less  dense  mole- 
cules of  the  same  kind  of  matter  as  temperature  rises,  then 
we  must  regard  acetic  acid  at  temperatures  not  far  above  its 
boiling  point  as  a  molecular  compound. 

But  if  this  is  so,  we  evidently  have  a  series  of  substances, 
beginning  with  solutions  of  salts  or  gases  in  water,  and 
proceeding  through  crystallised  solid  salts  to  acetic  acid 
vapour  at  low  temperatures,  which  connects  mechanical  mi.x- 
tures  on  the  one  hand  with  stable  gaseous  compounds  on  the 
other. 

It  might  be  urged  that  we  ought  not  to  distinguish  be- 
tween the  particles  which  compose  acetic  acid  vapour  at  low 
temperatures  and  those  which  form  the  vapour  of  the  same 
acid  at  high  temperatures ;  that  if  a  molecule  is  '  that  small 
part  of  a  gas  the  parts  of  which  do  not  part  company  during 
the  motion  of  agitation  of  the  gas,'  then  the  reasoning  which 
compels  us  to  say  that  the  molecule  of  acetic  acid  vapour  at 
220"  is  represented  by  the  formula  C,H^O,,  likewise  compels 
us  to  say  that  at  1 20°  the  molecule  of  this  gas  is  represented 
by  the  formula  C,H^O,  (pressure  in  each  case  being  760  mm.). 
The  statement  that  acetic  acid  at  low  temperatures  is  a  mole- 
cular compound  does  not  appear  to  me  to  go  against  this 
reasoning ;  for  this  statement  only  implies  that  at  low  tempe- 
ratures the  vapour  of  this  acid  is  composed  of  particles,  of 
varying   masses — which  may  be  called   molecules  or  mole- 
cular groups — but  that  as  temperature  rises  these  all  tend  to 
separate  into  particles  whose  composition  is  represented  by  the 
formula  C^H^O,.    The  particle  having  the  composition  C,H^O, 
is  stable  throughout  so  large  a  range  of  temperature  that  we 
may  apply  to  it  and  to  it  only  the  knowledge  we  have  gained 
regarding  the  structure  of  molecules.     It   is  better  not   to 
apply  the  term  molecule  to  the  heavier  particles,  (i)  because 
they  so  readily  separate  into  lighter,  and  comparatively  stable. 
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particles;  (2)  because  what  we  know  of  molecular  structure 
has  been  gained  from,  and  can  only  be  strictly  applied  to, 
the  study  of  molecules  which  are  stable  throughout  a  con- 
siderable range  of  temperature;  and  (3)  because  by  re- 
cognising the  possibility  of  the  existence  in  certain  vapours 
of  groups  of  molecules,  which  are  not  mere  mixtures  but  on 
the  other  hand  are  not  to  be  classed  as  true  molecules,  we 
have  the  means  of  explaining,  in  a  general  way,  many  phe- 
nomena which  at  present  cannot  be  explained  by  any  other 
equally  simple  hypothesis  which  is  in  keeping  with  the  funda- 
mental conceptions  of  the  molecular  theory  of  matter. 

That  the  existence  of  molecular  groups  in  a  gas  at  low  tem- 
peratures is  in  keeping  with  this  theory  can  readily  be  shewn. 
When  two  gases  are  at  equal  temperatures  the  mean  kinetic 
energy  of  agitation  of  the  molecules   must  be  the  same  in 
both  ;  but  although  the  mean  kinetic  energy  is  constant  for  a 
given  temperature,  yet   the  kinetic  energy  (and  hence  the 
temperature)  of  many  molecules  may  differ  from  this  mean 
■rvalue.     If  the  temperature  of  the  gas  is  increased,  there  is  an 
[increase  not  only  of  the  energy  of  agitation  of  the  molecules 
kas  a  whole,  but  also  of  the  energy  due  to  the  internal  motions 
■  of  the  parts  of  each  molecule  ;  as  the  latter  energy  increases, 
I  point  is  reached  at  which  the  molecule  decomposes   into 
s  constituent  parts,  but  these  may  again  unite  in  some  other 
brtion  of  the  mass  of  gas.     As  temperature  continues  to  rise 
I  point  will  come  at  which  molecular  decompositions  and  re- 
ompositions  are  equal  in  unit  of  time;  the  temperature  at 
Fwhich  this  state  of  matters  is  reached   has  been  called  (by 
I'Naumaiui   and   others)    the  decomposition-temperature;    from 
point  onwards,  as  temperature  rises,  the  molecular  de- 
©mpositions   will   exceed    the   recompositions,   until   finally 
ihere  are  no  recompositions,  or  these  are  so  few  in  number 
lat  the  average  state  of  the  gas  is  fitly  described  as  tliat 
pfcomplete  decomposition. 

Now  if  wc  suppose  that  the  vapours  coming  from  certain 
iquids,  especially  from  dissociable  compounds,  at,  or  near  to, 
■  boiling  points  consist  to  a  great  extent  of  molecular 
,  we  may  trace  the  gradual  decomposition  of 
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-egates  into  true  gaseous  molecules,  just  as  we  have 
:  decomposition  of  molecules  of  one  kind  of  matter 
;  of  another  kind  of  matter.     Many  spectroscopic 
)st  necessitate  the  assumption  that  groups  of  mole- 
^  exist,  and   behave   for  certain  small  changes  in 
onditions  as  definite  wholes'. 

:   might   be  asked,   why  should    not  all    molecules 
e  when  heated  ?     It  is  extremely  probable  that  all 
arc  capable  of  being  decomposed   by  heat.    The 
Meyer's  experiments  on  iodine  vapour  shew  that 
nic  molecules  of  this  gas  are  separated  into  atoms 
temperatures.      The   following    table   exhibits   the 
f  change  from  I,  to  I. 

DissflcUtlioii  of  Iodine  mokcuks\ 
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5-6197 

2'4742 
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0-984 
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5-5891 

2-4708 

1-650 

0-845 

160 

S-SJ79 

2-4641 

0-058 

0-571 

2O0 

2-4572 

0-290 

240 

2-4504 
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We  have  here  a  phenomenon  very  analogous  to  that  pre- 
sented by  acetic  acid ;  and  if  an  analogous  explanation  is  to 
be  given,  we  must  suppose  that  bromine  vapour  at  tem- 
peratures from  40  to  140  degrees  above  the  boiling  point  of 
this  substance  contains  molecular  groups  which  are  slowly 
decomposed  as  temperature  increases;  and  that  the  same 
holds  good  of  chlorine  vapour,  only  that  in  this  case  the 
molecular  groups  are  relatively  lighter,  but  more  stable  as 
regards  heat,  than  those  of  bromine. 

A  study  of  the  specific  gravities  of  the  gases  obtained  by 
heating  various  liquid  compounds  shews  that  in  very  many 
cases  the  specific  gravity  decreases  as  the  temperature  rises, 
and  that  a  constant  value  is  not  obtained  until  the  gas  has 
been  heated  many  degrees  above  the  boiling  point  of  the 
liquid. 

Facts  have  now  been  recounted  sufficient  I  think  to 
warrant  the  adoption  of  the  hypothesis  that  gaseous  mole- 
cules may  hold  together  in  groups,  the  members  of  which 
do  not  part  company  throughout  more  or  less  extended 
ranges  of  temperature  and  pressure;  and  if  this  is  so  in  gases, 
much  more  should  we  expect  to  find  the  existence  of  mole- 
cular groups  in  liquids  and  solids. 
■^  The  hj-pothesis,  by  the  application  of  which  we  hope  to 
find  many  groups  of  facts  falling  into  some  kind  of  order, 
may  be  broadly  stated  as  consisting  in  the  recognition  of  a 
third  order  of  particles  more  complex,  but  less  stable,  than 
the  molecule,  as  the  molecule  is  more  complex,  but  less 
I;  Jtablc,  than  the  atom.    This  hypothesis  afllbrds  no  definition 
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of  the  third  order  of  particles,  nor  does  it  always  enable  us  h 

refer  a  special  case  to  this,  or  that,  order  of  particles.     It  is 

general  guide  and  as  such  only  must  it  be  employed. 

101        Many   salts   when    in    solution    undergo  changes   not  '. 

marked  as  those  usually  called  chemical,  and  yet  too  definitt 

to  be  altogether  classed  as  physical.     Thus  an  aqueous  s 

lution  of  ferric  chloride   undergoes   partial   separation   inB 

hydrochloric  acid    and   a  colloidal    form   of  ferric   hydrate 

aqueous  solutions  of  various  alums  are  partially  separate) 

into  their  constituents  when  heated.     The  direction  of  manj 

of  these  changes  may  be  partially  reversed  by  altering  t 

conditions  of  temperature'.     Again  hydrated  cobalt  chloridf 

crystallises   in  a  rose-red   form   (CO.Cl, .  I2H,0),  while  tl 

colour  of  the   dehydrated   crystals   (CO,CI,l  is   blue;   if  i 

aqueous  solution  of  the  red  salt  is  warmed,  the  colour  slowlj 

becomes  darker  and   finally  changes   to  blue,  but   the  1 

red    colour    gradually    reappears    as    the    liquid    cools.     Tb 

temperature  at  which  the  change  from  hydrated  to  dehydrate 

salt  occurs  is  the  lower,  the  less  the  amount  of  water  f 

relatively  to  that  of  salt.     A  crystal  of  cobalt  chloride  grow 

ing  in  a  blue-coloured  solution  is  seen  under  the  microscop 

K  to  be  surrounded  by  a  film  of  pink  liquid,  which  indicata 

H  the  existence  round  the  crystal  of  a  zone  of  liquid  containin 

H  relatively  less  of  the  salt  than  the  rest  of  the  solution*. 

^M  From  the  results  of  Lehmann's  microscopic  studies'  on  ttl 

^M  formation  of  crystals  of  hydrated  ferrous  chloride,  cobaltoi 

^^U  chloride,  and  cupric  chloride,  it  appears  certain  that  an  aqucot 

^^M  solution  of  one  of  these  salts  from  which  crystals,  now  ( 

^^B  a  more  hydrated  and  now  of  a  less  hydrated  salt,  separate,  t 

^F  temperature  varies,  does  not  contain  at  a  fixed  temperaW 

^r  only  the  one  hydrate  and  at  another  temperature  only  li 

H  other  hydrate.     As  temperature  slowly  rises  the   molecut 

H  groups  tend  to  fall  to  pieces  and  so  the  liquid  becomes  poorfl 

H  in  particles  of  the  relatively  most  hydrated  salt ;  on  cooling,  1 

H  the 


wmciimes  applied  H  I 


expiesssion  'dissocUlioa  of  sails  in  soluiimi* 
these  processes.    See  Boole  II. 

'See  Lehtnuan,  J!a'lKAr./iir  Kryila/hg.  1.  gg. :  see  ^soPoliliUin.&r.  U.^L  J 
ilitkr.  far  Kryttallog.  1.  100 — 103, 
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jie  conditions  are  reversed,  and  the  liquid  becomes  poorer  in 
particles  of  the  least  hydrated  salt.  Lchmann  considers  the 
three  cases;  (1)  the  liquid  is  equally  saturated  for  the  hydrate 
rich  in  water  and  for  that  poorer  in  water;  (2)  the  liquid  con- 
tains rather  more  of  one  hydrate  than  of  the  other;  (3}  the 
liquid  is  concentrated  as  regards  one  hydrate,  but  dilute  as 
regards  the  other.  He  shews  that,  as  temperature  slowly 
increases,  in  the  first  case  crystals  of  both  hydrates  grow 
simultaneously  and  at  the  same  rate  until  the  spheres'  of  the 
crystals  touch,  when  growth  is  almost  entirely  stopped  ;  in 
the  second  case  both  kinds  of  crystals  grow,  but  for  a  time 
one  kind  grows  more  quickly  than  the  other,  then  both  grow 
at  the  same  rate,  and  then  the  second  kind  of  crystals  grow 
more  rapidly  than  the  first;  in  the  third  case  those  crystals 
which  are  present  in  the  liquid  in  greater  quantity  grow 
rapidly,  and  the  others  dissolve  rapidly,  so  that  the  dissolving 
co'st'ils  appear  to  pass  directlyinto  crystals  of  the  otherhydrate. 

The  definite  form,  solubility,  temperature  of  formation,  &c. 
of  each  kind  of  crystal  formed  in  these  experiments  conducted 
by  Lehmann  prevent  us  from  regarding  the  various  crystalline 
solids  as  mere  mixtures  of  ice  and  salt ;  on  the  other  hand. 
the  extremely  small  variations  in  temperature,  or  in  the  re- 
lative quantities  of  water  and  salt,  required  to  cause  change 
from  one  crj-stal  to  another,  equally  prevent  us  from  attempt- 
ing lo  explain  the  properties  of  each  hydrate  as  wholly,  or 
almost  wholly,  conditioned  by  the  mutual  interactions  of 
atoms  forming  the  molecule:  we  seem  forced  to  adopt  the 
hypothesis  of  molecular  compounds. 

Several  compounds  exist  each  in  more  than  one  modifi- 
cation, one  form  being  generally  more  stable  towards  heat 
than  the  other.  A  typical  case  of  this  kind  is  presented  by 
antimonious  iodide,  Sbl,;  this  compound  crystallises  in  red 
hexagonal  forms  which  are  suddenly  changed  at  J 14°  to  an 
aggregation  of  yellow  orthorhombic  crystals,  the  original 
external  form  of  the  mass  being  preserved*. 

k>  I^hminn'a  Icnn  is  'der  Jlof  des  KryslalUct'  each  cry^liil,  he  says,  can  be 
B  oiuler  Ihe  microscope  lo  be  sutmundrd  by  a  liquid  fitm,  rtnm  which  It  drawi 
■npl>lic«  of  tolid  maUer;  tbU  is  Ihe  llofai  sphere  of  ihe  crystal. 
^  J.  P.  Cooke,  Prot.  Amer.  Acad,  of  Arts  and  Sd.\i\.9.  73. 
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Several  carbon  compounds  (apparently  all  belonging  t* 
the  class  of  beiuenoid  compounds)  exist  in  more  than  ono  1 
form,  each  modification  being  characterised  by  a  definite  I 
melting  point  and  generally  also  by  a  special  crystalline  forrik 
Thus  chlorodi nitrobenzene,  C„H,Cl(NO,),ti  :  2  :4],  is  said  U 
form  monoclinic  crystals  which  melt  at  36°,  and  also  rhombii 
crystals  which  melt  at  39°.  Anthracene,  C„H^,,  crystallia 
in  monoclinic  plates  melting  at  213'  which  are  easily  oxidised 
by  the  action  of  nitric  acid  to  anthraquinone  (C„H,0,) ;  whcfl 
a  solution,  in  benzene,  of  anthracene  is  exposed  to  sunlight 
small  prismatic  crystals  separate,  melting  at  244°,  having  th« 
composition  C„H,,,  but  not  acted  on  by  nitric  acid,  and  t 
oxidised  to  anthraquinone  by  chromic  acid'.  A  very  r& 
markablc  instance  of  the  phenomenon  under  consideration  ii 
presented  by  the  derivative  of  diphenyl  to  which  the  formula 
(C,H,BrNHCOC^H„),  is  assigned.  This  compound  melts  a 
195° ;  if  the  melted  substance  is  cooled  quickly  and  again 
heated  its  melting  point  is  now  99° ;  but  if  heating  is  con- 
tinued the  liquid  again  solidifies  at  125 — 130",  and  the  solid 
thus  obtained  melts  once  more  at  195°.  Finally  if  the  solid 
which  melts  at  195°  is  raised  to  that  temperature  and  Ihea 
sloxvly  cooled,  the  product  possesses  the  normal  melting  point* 
viz.  195.  When  a  substance  crystallises  in  more  than  on( 
system,  one  crystalline  form  frequently  approaches  as  neariji 
as  possible  to  the  other;  one  form  may  be  said  to  imitate  tl 
other  both  crystal lographically  and  optically';  thus  arseniou! 
oxide  crystallises  in  regular  octahedra  and  also  in  rhomlw 
prisms,  the  latter  exhibiting  an  angle  identical  with  the  angi 
of  the  regular  octahedron. 

O.  Lehmann'  has  collected  and  discussed  many  instanc 
of  the  exhibition  of  different  physical  properties  by  coo 
pounds  possessing  the  same  elementary  composition'.     Tb 

'  See  Armstrong  and  Groves,  Ik.  cil.  p.  199. 

'  See  E.  Lellniann.  Ber.  IS.  i8jj. 

'  Pasteur,  Ann,  CAi'm.  Fkys.  [j]  9S.  1G7. 

*  Zatichr.  fiir  A'ryslalhg.  1.  97.  See  also,  in  connexion  with  the  1 
gencrnll)',  the  Brlicle  'Isomeric,  physilulische'  in  A'ewj-  liauilvMrttrUi 
Chemie,  Bd.  in.  pp.  8j€— 843. 

'  On  this  subject  see  siso  Laubcnhclmer,  B<r.  >.  jdoi 
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phenomenon,  which  may  be  called  physical  isomerism*,  pre- 
sents analogies  wJtli  allotropy  (see  ante,  par.  67);  in  both, 
temperature  is  the  most  important  condition  affecting  the 
change  from  one  form  to  another,  and  this  change  is  accom- 
panied in  both  classes  of  phenomena  by  disappearance  or 
production  of  heat. 

Lchmann  divides  physically  isomeric  bodies  into  two 
classes:  {1)  those  in  which  change  from  one  form  to  another 
occurs  at  a  definite  temperature,  the  direction  of  the  change 
being  dependent  on  very  small  differences  of  temperature; 
(2)  those  which  exhibit  two  forms,  one  more  stable  than  the 
other,  and  in  which  change  from  one  form  to  the  other  does 
not  occur  at  a  definite  temperature,  and  is  not  reversible  by 
heat  alone. 

Ammonium  nitrate  is  an  example  of  a  substance  belong- 
ing to  the  first  class  ;  the  rhombic  crystals  of  this  salt,  which 
separate  at  ordinary  temperatures  from  an  aqueous  solution, 
melt  at  (about)  168°;  as  the  molten  mass  cools  crystals  be- 
longing to  the  regular  system  are  formed,  but  at  (about) 
125°  these  change  to  rhombohedral  forms  ;  at  (about)  87'  the 
rhombohedral  forms  are  converted  into  rhombic  needles, 
from  which,  at  36°  or  so,  the  original  rhombic  crjstals  are 
produced.  If  the  rhombic  crystals  are  again  slowly  heated 
the  rhombic  needle-shaped  crj'stals  form  at  (about)  36° ;  the 
rhombohedral  forms  appear  at  (about)  87';  the  regular 
crj-stals  at  (about)  125";  and  finally  the  solid  mcits  at  198'. 
Again,  if  a  little  sulphur  is  melted  on  a  microscopic  slide, 
under  a  cover,  and  the  slide  is  arranged  so  that  temperature 
can  be  ea.sily  regulated'  monoclinic  crystals  are  produced, 
but  as  temperature  falls  these  change  into  rhombic  forms ; 
it  is  possible  to  regulate  the  temperature  so  that  definite 
amounts  of  each  form  exist  simultaneously,  but  on  the 
slightest  change  of  temperature  the  rhombic  crystals  grow  at 
the  expense  of  the  monoclinic,  or  vice  versa. 

The   behaviour  of  dibromopropionic   acid   when   heated 

'  Tli«  iCTin  physical  isomerism  icems  lo  havi;  liecn  fiisl  UacJ  by  L.  Carius, 
Aaa^€n,  UM  114  (see  also  dn.  ISO.  3j;). 
B^  ■  Lchnuuin  docribes  in  oiipnialus  foi  ihis  purpose  (/«.  til.  pp.  103— .0. 
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illustrates  the  nature  of  the  changes  which  characterise  sul 
stances  belonging  to  Lehmann's  second  class  of  physic 
isomcrides.  This  substance  crystallises  in  rhombic  fom 
which  melt  at  (about)  64°;  if  the  molten  mass  is  heated  i 
few  degrees  above  this  point  the  5amc  rhombic  crystal! 
are  again  produced  on  cooling;  but  if  the  molten  substano 
is  heated  many  degrees  above  64°  and  is  then  allowed  U 
cool,  small  flat  nearly  right-angled  tables  are  obtaJnei 
which  melt  at  (about)  51°.  If  the  less  stable  form  melting  a 
51°  is  slowly  heated  growth  of  the  other  and  more  stabli 
crystals  is  noticed  under  the  microscope ;  the  growth  at  firs 
is  rapid,  then  slower,  but  before  the  change  has  gone  far  tb 
melting  point  of  the  less  stable  crystals  is  reached  and  ll 
whole  mass  becomes  liquid.  If  the  more  stable  form  i 
melted,  heated  some  degrees  above  64°,  and  is  then  brougb' 
into  contact  with  cr>*stals  of  both  forms,  growth  of  ead 
modification  proceeds  until  the  crystals  touch,  after  whid 
the  more  stable  (higher  melting)  crystals  grow  into  the  othen 
until  the  latter  are  completely  changed  into  the  stabler  fore 

Another  instance  of  Lehmann's  second  class  is  fumisbel 
by  paranitrophenol.  This  compound  crystallises  from  ho 
aqueous  solutions  in  monoclinic  crystals,  and  from  coli 
aqueous  (or  alcoholic)  solutions  in  crystals  belonging  to  tl 
same  system  but  differing  in  form  and  melting  point  fro 
the  others.  I3y  fusing  either  form  and  allowing  the  molia 
mass  to  cool,  only  the  less  stable  (lower  melting)  crystal 
are  produced;  but  if  a  little  of  the  substance  is  melted  001 
microscopic  slide,  and  a  crj'stal  of  the  second  (stabler)  fori 
is  placed  in  contact  with  the  edge  of  the  solidified 
and  heating  is  then  again  commenced,  crystals  of  the  stabit 
form  begin  to  grow  at  the  expense  of  the  other  crystals,  1 
first  rapidly  and  then  more  slowly,  until  both  forms  melt,  tl 
less  stable  at  a  lower  temperature  than  the  more  stable. 

Substances  of  which  ammonium  nitrate  is  the  type  a| 
pear  to  be  less  profoundly  modified  by  the  action  of  hd 
than  substances  belonging  to  the  class  represented  by  dibronH 
propionic  acid.  Substances  belonging  to  the  first  of  thct 
classes  shew  analogies   with    many  of  the   molecular  coB 


pounds  discussed  in  the  present  section;  compare  e.g.  the 
action  of  heat  on  hydrated  cobalt  salts,  with  the  action  of 
the  same  agent  on  dibromopropionic  acid  or  on  paranitro-  J 

phenol.     Moreover  the  course  of  the  change  brought  about  I 

by  the  action  of  heat  on  these  bodies  shews  some  analogies  I 

with   the  processes  of  gaseous  dissociation.     For  these  rea-  1 

sons  Lchmann  has  summarised  the  phenomena  characteristic  | 

of  bodies  of  this  class  under  the  term  physical  polymerism, 
and  the  phenomena  characteristic  of  bodies  of  the  other  class 
under  tlie  term  physical  melamerism.    The  former  term  im- 
plies that  the  physically  different  forms  exhibited  by  a  sub-  i 
stance  belonging  to  this  class  arc  to  be  regarded  as  associ-            | 
atcd  with  the  existence  of  physical  molecules,  each  formed           I 
by  the  grouping  together  of  a  different  number  of  chemical           I 
molecules  (as  defined  in  Chap.  I.  par.  13,  p.  26).     The  term            I 
physical  metamerism  on   the   other   hand    implies   that  the 
physical   molecule   of   each   different   form   of   a   substance 
belonging  to  this  class  is  composed  of  the  same  number  of 
chemical  molecules,  but  that   the   arrangement   of  these  is 
different  in  each  case, 

Lehmann's  classification  is  certainly  based  on  no  fanciful 
analogies.  Polymerism  and  metamerism  are  well  marked 
phenomena  among  gaseous  molecules;  and  the  hypothesis  of 
the  existence  of  groups  of  molecules  characterised  by  definite 
properties,  but  each  of  which  groups  is  readily  decomposed  | 

by  heat,  appears  to  be  as  simple  as  any  other  molecular  and 
atomic  hypothesis  that  can  be  proposed  to  explain  the 
observed  facts.     But  the  analogy  between  the  reactions  of  I 

gaseous  molecules  and  the  changes  undergone  by  solid  and 
liquid  substances  may  be  pushed  too  far;  we  ought  to  recog- 
nise how  small  and  inexact  our  knowledge  is  of  the  mole- 
cular actions  of  the  latter  classes  of  bodies.  Qualification 
of  tlv:  terms  molecule,  polymerism,  and  metamerism,  by  the 
adjective  physical,  widens  the  meanings  of  these  terms  by 
making  them  applicable  to  a  larger  class  of  phenomena,  but 
at  the  same  time  it  makes  the  application  less  precise'.  1 

^^      '   idiin.itin   rnTl^i^i^:^s   in  tonHJcrable  detail   ihe  phenomena  altcnding   Ihe         ^^ 
^^hn  I   '   .  r.r  s  suUt.-ince  into  anorhet;   he  diviiles  the  chaiiget  inio      ^^| 
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The  researches  of  Graham  on  colloidal  and  cr^'stalloJdj 
substances  are  of  the  utmost  importance  as  regards  tbl 
hypothesis  we  are  considering;  to  understand  the  impor^ 
ance  of  Graham's  work  it  is  necessary  carefully  to  study  tl 
whole  series  of  papers  on  liquid  diffusion  which  he  communil 
catcd  to  the  Royal  Society'.  Graham'  found  that  certaif 
substances  when  in  solution  pass  very  quickly  through  wd 


giuups,  acconling  as  both  forms  are  solid,  or  one  solid  and  one  liquid,  &c.    Ai  ih 
subject  is  imporlant  I  give  s.  tuief  lesumf  of  some  of  Lebmann's  results  is 
note,  liiil  the  Driglnal  paper  ougtil  to  be  studied  by  all  who  are  interested  ii 

j4,  Ch.inge  of  one,  more  comple*.  solid  form  of  isomeride  to  snothei,  ) 
complex,  solid  form,  mended  with  disappearance  of  lieati  phxsiol  n 
cutes  of  liolb  kinds  are  present  simultaneously,  but  At  a  certain  temf 
lure  change  will  occur.  If  one  modification  is  healeJ  alone,  the  nm 
Icmperalure  of  change  may  be  la^jely  exceeded  without  a  com] 
change  la  the  second  modificalion,  but  at  such  a  high  IcmpcftU 
contact  with  the  second  moditication  may  determine  sudden  and  coroplc 
cliatlgc. 

S,  Cliange  of  solid  form  to  liquid  form,  Dccurring  with  dis-ippeanuioe  o(  it 
at  a  definite  temperature  dependent  on  the  pressure :  the  change  wD)  I 
l>c  complete,  as  molecules  of  both  kinds  ivill  exist  Ic^elher.  If  the  t| 
(pravlly  of  the  solid  form  is  greater  Ihon  that  of  the  liqai<l  fonili  IbM' 
heating  past  the  melting  point  there  will  be  rapid  eipansion  as  the  phjn 
molecules  of  the  solid  form  are  separated  into  those  of  the  liqoid:  tbii  1 
lie  followed  by  a  slower  regular  expansion.  If  the  specific  graYily  of  1 
solid  is  less  than  that  of  the  liquid,  expansion  will  be  small,  or 
negative,  until  a  point  of  maximum  density  if  readied,  after  which  ei 
sion  will  proceed  at  the  normal  rale. 

In  some  coses  a  solid  form  is  changed,  by  the  action  of  heat,  li 
liquid  form,  which,  at  a  higher  temperature,  i«  again  changed  into  ■  m 
solid  formi  e.g.  when  selenion  U  heated  till  it  becomes  viscous  and  isb 
at  this  temperature  for  some  time  it  changes  into  a  crystalline  form. 
the  change  of  yellow  to  red  phosphorus  by  the  action  of  heat ;  in  thi 
it  is  probable  that  the  molecules  which  form  the  liquid  phoKphonii  ai 
apart  for  some  lime,  by  the  energy  added  as  beat  acting  agiunst  o^iea^ 
and  so  are  allowed  to  re-arrange  themselves  in  loose  groups- 

C.  Change  of  liquid  to  solid,  modification  is  complex  ;  a  few  crf'-t-il' 
and  determine  the  crystallisation  of  the  whole  mass;  in  some  lm- 
liquid.  especially  if  viscous,  may  be  cooled  belo*  the  lemperaiure  jl 
crystallisation  normally  begins,  and  may  then  pass  into  aa  omotpliaB 

'  Happily  Graham's  papers  have  been  collected  and  published  bv  iheM 
Urs  Angus  Smith  and  James  Young. 
'  m/.  T'Viis.  for  1861,  iRj. 
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animal  or  vegetable  membranes,  while  others  are  scarcely,  if 
at  all,  diffusible  through  the  same  septa.  The  more  diffu- 
sible bodies  Graham  called  crystalloids,  the  less  diffusible  he 
called  colloids.  Colloidal  substances  e.g.  albumen,  hydrated 
alumina  or  stannic  oxide.  &c.  are  very  inert  chemically  consi- 
dered, but  at  the  same  time  they  arc  affected  by  the  smallest 
changes  in  their  environment,  eg.  slight  alterations  of  tem- 
perature cause  marked  changes  in  their  properties  ;  they  are 
easily  permeated  by  diffusible  crystalloidal  substances,  to 
u-hich,  says  Graham,  they  give  up  ivater.  'molecule  by  mole- 
cule"; "their  existence  is  a  continual  metastasis,"  Ice.  which 
under  ordinary  conditions  of  formation  is  crystalloidal,  when 
formed  in  contact  with  water  at  o"  possesses  those  properties 
which  characterise  colloids:  "Can  any  facts,"  says  Graham. 
•■  more  strikingly  illustrate  the  maxim  that  in  nature  there 
are  no  abrtipt  transitions,  and  that  distinctions  of  class  are 
never  absolute  ?" 

The  marked  dilferences  between  the  properties  of  colloids 
and  crystalloids  are  associated,  in  the  opinion  of  Graham, 
iiith  diflercncc.s  of  molecular  structure.  He  regarded  the 
reacting  unit  of  a  colloid  as  probably  formed  by  the  coales- 
cence of  a  large  number  of  molecules;  hence  the  marked 
instability,  and  at  the  same  time  the  chemical  inertness, 
which  characterise  the  class  of  colloidal  substances. 

Hitlorf  has  shewn  that  when  a  concentrated  aqueous 
solution  of  cadmium  iodide  is  electrolysed,  more  iodine  is 
separated  at  the  positive  pole  than  could  be  the  case  were 
the  composition  of  the  body  undergoing  electrolysis  repre- 
sented by  the  formula  Cdl,.  Ilittorf  suggests  that  the  solu- 
■  ;(in  in  question  contains  molecular  groups  of  the  composi- 
!  .m  Cd,l,,  and  that  these  are  separated  by  the  electric  cur- 
rent into  Cd  and  CdJ^. 

Some  interesting  observations  have  been  made  by  van 
IJeramelen'  on  the  absorption  of  acids  and  salts  by  hydrated 
oxides.  When  the  hydrated  dioxide  of  tin,  silicon,  or  man- 
ganese, is  shaken  with  an  aqueous  solution  of  a  mineral  acid, 

'  foxs-  ■^"U.  106.  337,  jij. 

*  y./urftttt/.  Ciimi/ \t]  S3.  iJi-.  »«  ibn  39,  iir- 
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or  of  a  salt  such  as  potassium  sulphate  or  sodium  chloride,  a 
definite  quantity  of  the  acid  or  salt  is  absorbed  by  the  oxide; 
the  amount  absorbed  is  dependent  on  the  nature  of  the 
hydrated  oxide  and  that  of  (he  acid  or  salt,  on  the  relative 
masses  of  oxide,  acid,  or  salt,  and  on  the  amount  of  water 
present.  The  substances  which  exhibit  this  absorptive 
action  arc  characterised  by  the  readiness  with  which  the 
change  from  hydrated  to  dehydrated  oxide  and  vice  i-ersa 
occurs;  thus  the  hydrates  SnO,.J-H,0.  SiO,.rH,0, 
MnO,.A'H,0,  part  with  water  when  placed  over  sulphuric 
acid,  and  the  oxides  absorb  water  when  placed  in  a  moist 
atmosphere.  The  amount  of  water  absorbed  by  any  one  of 
the  dehydrated  oxides  depends  in  part  on  its  physical  state 
if  the  oxide  is  strongly  heated  it  absorbs  less  water  than  if 
dried  over  sulphuric  acid  i«  vaciio^ ;  the  '  looser'  the  aggr^* 
tion  of  the  particles,  the  greater  the  quantity  of  water  ab- 
sorbed by  the  oxide. 

In  some  cases,  e.g.  the  hydrate  5iOj.4HjO.  the  amount 
of  acid  or  salt  withdrawn  from  an  aqueous  solution  was 
found  to  be  equivalent  to  the  amount  of  water  removed 
from  the  hydrated  oxide  by  drj'ing  it  over  sulphuric  acid  in 
vacuo.  In  other  cases,  e,  g.  SnO,.  3H,0,  3SnO,.  7H,0, 
2SnO,.3H,0,  2MnO,.5H,0,  MnO,.2H,0,  the  amount  of 
acid  or  sail  withdrawn  by  the  hydrate  from  solution 
greater  than  the  quantity  equivalent  to  the  loosely^ield 
water  of  the  hydrate.  As  the  amount  of  water  which  some 
of  these  oxides  absorb  from  a  moist  atmosphere  was  found  to 
vary  with  the  physical  aggregation  of  the  oxide,  so  the 
amount  of  salt  or  acid  absorbed  by  these  hydrated  oxides 
was  found  to  shew  analogous  variations :  this  is  specially 
worked  out  in  detail  by  van  Bemmelen  for  the  action  of 
mctastannic  acid  on  aqueous  solutions  of  HCI,  H,SO,.  KCl, 
K,SO..  and  KNO,. 

If  these  actions  are  to  be  classed  as  purely  physical, 

'  Grahiun  {Biil,  Ass.  Ktfvrls  Sat  Ui*.  cjy]  callixl  altcnlion  lo  the  diSci 
between  stroogty  heated  calcium  sulphate  and  the  same  subslancc  'in  ■  slali 
setting:'  but,  say^  Giaham,  "this  is  n  deparlmcnt  of  corpuscular philoHiphjrabU 

stands  mucli  in  want  of  furilier  development." 
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lould  not  expect  to  find  a  definite  limit  to  the  amount  of 
t  or  acid  absorbed  by  each  hydrated  oxide:  but  van  Bem- 
tnelen's  researches  shew  that  the  process  tends  to  the  esta- 
bUshment  of  an  equilibrium  between  acid  (or  salt),  water,  and 
hydrated  oxide ;  that  this  condition  is  attained  slowly ;  and 
that  it  is  affected  by  the  relative  masses  of  the  reacting  sub- 
stances in  the  original  system.  Thus  less  acid  for  salt)  is 
absorbed  from  a  very  dilute  than  from  a  more  concentrated 
solution,  but  the  amount  of  acid  or  salt  absorbed  increases 
much  more  slowly  than  the  increase  in  the  concentration  of 
the  solution  of  acid  or  salt.  The  final  equilibrium  is  not 
disturbed  by  the  addition  of  a  solution  of  acid  or  salt  of  the 
same  degree  of  concentration  as  that  surrounding  the  hy- 
drated dioxide,  but  if  the  added  solution  is  relatively  richer 
in  acid  or  salt  than  the  liquid  surrounding  the  dioxide,  then 
the  equilibrium  is  overthrown  and  the  absorption  of  acid  or 
salt  begins  again  and  proceeds  till  a  second  condition  of 
equilibrium  is  established. 

Some  hydrated  oxides  not  only  absorb,  but  also  par- 
tially decompose,  salts ;  for  instance,  when  the  hydrate 
3MnO,.5H,0  is  shaken  with  an  aqueous  solution  of  K,SO,, 
it  absorbs  a  definite  amount  of  the  latter  and  at  the  same 
time  separates  part  of  it  into  KOH  and  H,SO,.  Again,  one 
salt  is  sometimes  absorbed  in  preference  to  another;  thus  if 
MnO,.j:H,0  is  shaken  in  contact  with  H,SOj,  washed,  and 
again  shaken  in  contact  with  an  aqueous  solution  of  K,SO,, 
a  portion  of  the  H^SO,  which  had  been  absorbed  by  the 
hydrated  oxide  is  replaced  by  K,SO^;  again,  if  SiO,  ,4HjO 
is  allowed  to  absorb  AljCl,,  is  then  washed  till  the  washings 
no  longer  contain  chlorine,  and  is  finally  shaken  with  an 
aqueous  solution  of  KCl,  it  is  found  that  some  of  the  KCI 
has  been  absorbed  and  some  of  the  A1,CI,  has  passed  into 
the  surrounding  liquid. 

These  substances  investigated  by  van  Bemmelen.  whether 
rliey  be  called  compounds  or  loose  combinations  of  salt  {or 
icid)  and  hydrated  oxide,  can  scarcely  be  regarded  as  com- 
i  used  of  molecules  each  built  up  of  atoms  of  metal,  oxygen, 
hjdrogen,  and   the  elements  of  acid  or  salt,  but  rather  as 


■1 


I 


ATOMIC  AXn  MOLECULAR  SYSTEMS.         [HOOK 


composed  of  molecular  groups  each  constituted  by  the  c< 
alescence  of  molecules  of  acid  (or  salt),  water,  and  metalli 

(oxide,  the  number  of  such  molecules  in  each  group  or  re 
acting  weight  being  variable  within  certain  limits.  TIjc  pro 
perties  of  many  of  the  salts  of  the  weaker  acids — e.g.  cai 
bonic,  boric,  and  sulphurous — are  regarded  by  van  Bemmeld 
as  explicable  in  terms  of  the  general  hypothesis  of  molecutai 
compounds;  he  would  regard  the  reacting  weights  of  these 
salts  as  molecular  groups,  more  stable  than  those  which  com' 
pose  the  peculiar  class  of  bodies  just  described,  but  less  stabli 
than  the  true  chemical  molecule. 
102  ^n  his  second  paper  {loi:  at.)  van  Bemmelen  has  raort 
particularly  studied  hydrated  beryllium  oxide  Be0.j-H,0 
He  shews  that  two  varieties  of  this  oxide  exist,  viz.  a  gel; 
linous  and  a  granular  form  ;  that  the  former  alone  exhibits 
the  property  of  absorbing  acids  and  salts  from  aqueous  sotiP 
tions ;  and  also  that  the  action  of  heat  on  the  two  hydrates  fl 
different.  After  heating  to  220°  the  granular  hydrate  had 
Inst  0'5  H,0,  and  was  now  much  altered  in  properties.  This 
fact — and  others  analogous  to  this  are  known — seems  to  shew 

I  that  by  the  application  of  energy  from  without  the  system  t 

parts  of  a  loose  molecular  group  may  be  caused  to  react 
as  to  bring  about  a  marked  change  in  the  properties  of  1 
body  composed  of  such  groups.  In  other  words,  the  com' 
parative  readiness  with  which  definite  chemical  changes  ma] 
be  started  among  the  constituents  of  a  molecular  grouj 
ft  appears  to  shew  that  although  these  constituents  are  hell 

H  together  but  loosely,  nevertheless  they  arc  not  merely  mixed 

H  Thus,  As(CFI,),Cl  combines  with  CI,  to  form  A.s(CH,),C4, 

H  when  this  compound  is  heated  it  yields  As(CHJCl,+  CH.Q 

H  then  As(Cn,)CI,  readily  takes  up  CI,  to  form  As(CH^Cl 

^  which  on  being  heated  separates  into  AsCl,  +  CH,CI.     No 

on  account  of  their  properties  some  of  these  compounds  am 
be  classed  as  molecular,  yet  under  the  influence  of  heat  ti 

k  parts  of  the  molecular  groups  mutually  act  and  react  in  I 

way  analogous  to,  if  not  identical  with,  that  characteristic  « 
chemical  change.     But  such  phenomena  as  these  are  exactly 
^  what  might  be  expected   from   the  hypothesis  of  molccul! 
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compounds;  if  these  bodies  are  formed  of  groups  of  mole- 
cules we  should  expect  that  reactions  between  these  groups 
would,  in  many  cases,  easily  occur  and  result  in  the  produc- 
tion of  new,  less  complex,  groups,  or,  it  may  be,  new  mole- 
cules. That  a  substance  is  found  to  behave  in  a  definite 
manner  under  the  influence  of  this  or  that  reagent  cannot  be 
regarded  as  sufficient  evidence  for  classing  it  among  atomic 
rather  than  molecular  compounds.  Thus  the  observation  re- 
corded by  R.  \V.  Atkinson'  regarding  the  identity  of  the  salts 
produced  by  mixing  (i)  SbCl,  and  3KBr,  and  (3)  SbBr,  and 
3KCI,  cannot  be  regarded  as  proving  that  the  product  of 
these  actions  is  built  up  of  molecules  represented  by  the  for- 
mula «SbCI,Br,Kj.  the  properties  of  which  are  conditioned 
only  by  the  mutual  interactions  of  the  atoms  Sb,  CI,  Br,  and 
K.  Regarded  however  as  a  contribution  towards  solving  the 
questions  suggested  by  the  term  molecular  compounds,  the 
obsenations  made  by  Atkinson  are  of  interest,  as  shewing 
how  possible  it  is  to  obtain  substances  which  behave  in  some 
respects  as  molecular,  and  in  other  respects  as  atomic,  com- 
pounds. 

It  cannot  be  too  strongly  insisted  on  that  no  hypothesis 
has  been  proposed  regarding  molecular  compounds  which 
furnishes  us  with  a  definition  of  the  class  "molecular',  or  puts 
into  our  hands  an  instrument  for  determining  whether  a 
given  compound  belongs  to  this  class  or  to  the  class  of 
atomic  compounds.  What  the  hypothesis  does  is  lo  negative 
the  notion  that  the  properties  of  all  compounds  are  to 
be  explained  by  the  conception  of  actions  and  reactions 
between  atoms  which  together  constitute  a  molecule,  and  to 
open  a  path  for  future  research  by  insisting  on  the  complexity 
of  chemical  phenomena,  and  the  folly  of  attempting  to  ex- 
plain all  in  terms  of  a  favourite  theory. 
03  But  the  consideration  of  molecular  compounds  leads  to 
the  discussion  of  questions  which  properly  belong  to  chemical 
kinetics:  we  cannot  separate  these  bodies  from  their  environ- 
ment ;  they  arc  members  of  a  system  which  is  continually 
undergoing  change  and  the  comparative  stability  of  which  is 

1  C.  S.  Jfurnal,  TrUii.  ffir  1BS3.  189, 
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the  result  of  never  ceasing  action  and  reaction  between  its 
parts.  Chemistry  is  not  a  collection  of  facts  regarding  the 
crystalline  forms,  melting  points,  boiling  points,  specific 
gravities,  &c.,  Stc,  of  elements  or  compounds;  it  is  rather 
the  orderly  and  regulated  study  of  the  changes  which  these 
kinds  of  matter  undergo  and  which  result  in  more  or  less 
profound  modifications  in  the  properties  of  the  changing 
bodies. 

A  great  advance  has  certainly  been  made  by  replacing 
the  notion  of  a  molecule  as  an  undefined  quantity  of  matter 
constructed  of  groups  of  atoms  more  or  less  loosely  and 
vaguely  arranged,  by  that  conception  which  regards  the  mole- 
cule as  a  definite  and  definable  quantity  of  matter,  built  up 
of  atoms  arranged  in  an  orderly  manner,  and  exhibiting 
functions  dependent  on  the  nature,  arrangement,  and  mutual 
interactions,  of  these  atoms.  Among  the  functions  of  the  mole- 
cule we  must,  I  think,  place  the  power  of  combining,  under 
proper  conditions,  with  other  molecules  to  form  more  or  less 
complex  groups,  less  stable  than  the  molecules  of  a  gas,  and 
not  so  sharply  defined  from  other  groups  as  the  molecule  of 
one  compound  is  from  that  of  another.  Although  the  ex- 
planation of  the  properties  of  molecular  compounds  is  not 
to  be  brought  wholly  within  the  scope  of  the  hypothesis  of 
valency,  nevertheless  if  we  regard  the  formation  (or  non- 
formation),  and  the  relative  stabilities,  of  such  compounds,, 
as  functions  of  all  the  molecules  concerned  in  their  synthesis, 
we  can  see  that  the  valencies  of  the  elementary  atoms  must 
be  important  factors  in  determining  the  production  of  mole- 
cular compounds'. 

Although  we  can  put  our  conception  of  the  molecule  into 
definite  terms,  yet  the  advance  of  knowledge  regarding  the 
properties  of  molecules  warns  us  against  attempting  to  define 
the  molecule  too  rigidly.     The  molecular  and  atomic  theor>" 

'  In  connnion  with  this  subject  compare  the  presidential  a<tdress  to  Scilian 
I!  of  the  British  Assodntion  at  Aberdeen  [i88j].  In  this  address  Artriiini-.5 
suggests  Ihftt  Ihc  "formation  of  so-called  tnolecalar  canipounds  is  tnnitilv  Jiv' 
to  pccoliatiiies  inherent  more  especially  in  the  negative  elements — i. 
metals  ood  metalloids,  and  not  in  the  positive  elements — the  metals,' 
Naluri,  Vt.  470,) 
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presents  the  chemist  with  the  conception  of  the  gaseous  mole- 
cule; by  applying  this  to  chemical  facts  he  arrives  at  the 
conception  of  the  atom,  a  conception  much  more  definite 
than  that  of  the  molecule;  he  then  rebuilds  the  molecule  by 
putting  together  the  atoms  of  which  it  is  composed ;  but  he 
does  not  always  find  the  molecule  thus  rc-constructed  to  be 
the  same  as  the  molecule  he  received  from  the  physicist. 
The  physical  definition  of  the  molecule  applies  in  strictness 
only  to  perfect  gases;  but  the  chemist  has  to  deal  with  im- 
perfect gases,  and  also  with  hquids  and  solids. 

Notwithstanding  these  difficulties  fair  progress  has  been 
made  in  the  chemical  investigation  of  the  molecule.  We 
have  endeavoured  to  trace  this  progress,  as  it  appears  in  the 
methods  for  finding  tlie  relative  weights  of  atoms  and  mole- 
cules ;  in  the  distinction  between  the  properties  of  atoms  and 
the  properties  of  molecules  formed  by  the  union  of  atoms ; 
in  the  chemical  conception  of  the  molecule  as  a  structure  of 
atoms  or  groups  of  atoms,  the  functions  of  which  structure 
arc  dependent  on  the  nature,  number,  and  arrangement,  of  its 
parts ;  in  the  development  of  this  conception  in  the  hypo- 
theses of  valency  and  isomerism ;  and  in  the  recognition, 
forced  on  the  chemist  by  the  study  of  liquid  and  solid 
compounds,  that  although  the  properties  of  the  molecule  are 
conditioned  by  the  properties  of  its  parts,  it  has  also  an 
individual  existence  and  is  capable  of  interacting  as  a  whole 
with  other  molecules. 
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In  the  preceding  Chapter  we  have  endeavoured  W 
trace  the  development  of  the  conceptions  of  the  atom  and 
the  molecule.  The  properties  of  compounds  arc  rcgardBl 
in  chemistry  as  the  properties  of  the  molecules  of  these  com- 
pounds, and  t]iese  again  as  conditioned  by  the  propcrtic* 
of  the  atoms  which  compose  the  molecules.  Can  we  then 
trace  a  definite  connexion  between  the  properties  of  the 
atoms  of  the  elements  and  the  properties  of  the  compound! 
formed  by  the  union  of  these  elements.'  A  measurable  pro- 
perty of  the  atoms  is  their  relative  masses.  Is  there  xay 
definite  and  definable  relation  between  the  atomic  weights 
and  the  properties  of  the  elements,  and  between  the  atomic 
weights  of  the  elements  and  the  properties  of  their  cofflJ 
pounds  ? 

104  Attempts  have  been  made  from  time  to  time  throughoB 
the  preceding  50  or  60  years  to  trace  connexions  betwcd 
the  atomic  weights  and  the  general  properties  of  groups  0 
elements. 

Soon  after  the  appearance  of  Dalton's  N'eta  SystUH  ( 
Chcinkal  Philosophy,  an  hypothesis  was  promulgated  If) 
Prout  to  the  effect  that  the  atomic  weights  of  the  element) 
are  whole  multiples  of  that  of  hydrogen  ;  but  the  researehd 
of  Berzelius,  Marignac,  and  Stas,  shewed  that  this  hypoth 
was  untenable.  A  modification  of  Prout's  hypothesis  a 
made  by  Dumas  whicli  appears  to  have  a  fair  probabtli^ij 
lis  favour. 
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Gmelin,  Dumas,  Gladstone,  Cooke,  Kremers,  Pcttenkofer,  ^ 
Odling,  and  especially  Ncwiands',  who  was  among  the  earlie 
workers   in    this   field,   have   drawn   attention    to   points   0^ 
connexion  between  the  properties  and  the  atomic  weights  oHM 
elements.     In  1864  Newlands  arranged  a  number  of  elements! 
in   order   of  their   atomic  weights,  and   shewed   that   thescfl 
elements  were  divisible  into  groups  of  seven,  and   that  theW 
properties  of  one  group  were  to  some  extent  repeated  in  the! 
next  group,     "  The  eighth  element,"  said  Newlands,  "  starting   ' 
from  a  given  clement  is  a  kind  of  repetition  of  the  first,  like 
the  eighth  note  of  an  octave  in  music."    In  subsequent  papers 
\ewlands  insisted  on   the  general  applicability  of  what  he  1 
called  the  'law  of  octaves.' 

It  is  however  especially  to  Mendclcjcff*  that  we  owe  thai 
■systematic  correlation  of  the  atomic  weights  with  the  chemicall 
iind  physical  properties  of  the  elements,  and  the  properties  of  ■ 
iheir  compounds. 

Lothar  Meyer'  has  also  made  important  contributions  I 
to  the  same  subject,  and  in  his  Moiicniai  ThcorUn  he  has  1 
gathered  together  the  more  important  facts  which  have  beea  J 
-lablished  concerning  the  relation  in  question. 

We  may  confidently  say  that  a  large  probability  has  been  I 
-tiiblished  in  favour  of  the  hypothesis  that  the  propertiesJ 
jf  the  elements,  and  of  the  compounds  of  each  element,  are  I 
icriodic  functions  of  the  atomic  weights  of  the  elements.  I 
Lothar  Meyer  puts  the  general  statement  of  the  " p€riodie\ 
Liiiv"  in  this  form*:  "If  the  elements  arc  arranged  in  orderm 
<f  increasing  atifinie  weig/its,  t/ie  proper  ties  of  tliese  etementsX 
■ary  from  number  to  member  of  the  series,  but  return  more  0f:\ 
'ess  nearly  to  the  same  values  at  certain  fixed  points  in  t/ut 


,ct  the  elements  be  arranged  in  the  order  of  their  atomicl 
its;   let  this  list  of  elements  be  (broadly)  divided  into! 


AVwi,?.  70;  and  10.  jg,  gt:  ^-  ^3-  9*i  ^S'  "i-  ^C'    NeHhndt*! 
Tliulioiu  to  this  subject  hiv«  Iweii  ^thcred  together  and   published   ii 
vobme  euiiUcd  'On  llie  Discovery  of  tlie  rciiodie  Law"  (Spon,  1884], 
titiuittM,  Sappi.  IM.  a.  ijj.     Sccatui  Cktm.  Nttat,  Voh.  MandU. 
Aiutattii,  Suppl.  Itil.  S.  I  ]<>,  and  T.  554  &c, 
pitwtodtratH  Tlumtn,  ^Ih  Ed.  p.  tj6;  English  Ed,  [i.  117. 
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scries  of  sevens;  let  the  members  of  the  second  series  1 
placed  under  those  of  the  first,  those  of  the  third  under  thos 
of  the  second,  and  so  on:  then  the  elements  contained  in  ; 
vertical  column  are  said  to  form  a  group,  while  those  in  ; 
horizontal  column  form  a  series. 

In  this  arrangement  of  tlie  elements  each  group  cor 
responds,  for  the  most  part,  with  a  natural  family.  This  h 
more  clearly  shewn,  and  the  relations  between  the  atomic 
weights  and  the  properties  of  the  elements  are  more  distinctlj 
developed,  if  certain  gaps  arc  supposed  to  exist  in  the  list  o 
elements.  The  table'  on  p.  225  exhibits  the  arrangement  of 
the  elements  in  groups  and  series. 
,06  Before  giving  a  detailed  explanation  of  this  table  let  i 
meanwhile  gather  together  some  of  the  best  establishtd 
generalisations  concerning  the  periodic  connexion  of  pn>- 
perties  and  atomic  weights  of  the  elements. 

A  phenomenon  is  said  to  be  periodic  when,  if  the  con- 
ditioning circumstances  vary  continuously,  it  repeats  itself  «1 
definite  intervals.  The  variable  under  consideration  is  the 
atomic  weight,  the  phenomenon  to  be  examined  is  the  natuw 
of  each  chemical  clement  and  its  compounds.  Although  1' 
is  not  as  yet  possible  to  state  quantitatively  the  nature  of  the 
periodic  function  which  connects  the  atomic  %vetghts  ivilll 
the  general  properties  of  the  elements,  it  may  nevertheless  be 
established  that  the  function  in  question  is  periodic.  Fof 
this  purpose  it  will  be  necessary  to  break  up  the  phenomcfloa 
'nature  of  the  chemical  element  and  its  compounds'  and  "> 
endeavour  to  shew  that  the  malleability,  ductility,  atomic 
volume,  power  of  forming  oxides  (or  chlorides)  of  definite^ 
composition,  position  in  electrical  series,  &c,  of  the  element*' 
do  vary  periodically  with  variations  in  the  atomic  weigh 
these  elements*. 
plO?        Atomic  vohiiiie.    The  quotient  obtained  by  dividing  t» 

'  Taken  from  a  paper  by  B.  Brnunct  in  C.  S.  Jeyfmt  THUu.  for  lltt  P 
atomic  wciglils  are  stalol  in  round  numbers. 

'  For  greater  delnils  on  IhU  point  s«  L.  Meyer,  Dit  mixhntftt  TIi** 
4lh  Ed.  pp-  T39— 173  (English  Ed.  pp.  117—150).  of  which  ihii  and  ifc*'* 

fulJuwing  p.ie^  BiUil  be  regarded  ns  an  abstract. 
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atomic  weight  of  an  element  by  its  specific  gravity  in  tl 
solid  Torm  is  called  the  atomic  volume  of  that  element.  Thi 
quotient  expresses  the  volume,  in  cubic  centimetres,  occupie 
by  an  amount  of  the  solid  element,  in  grams,  proportional  I 
the  atomic  weight  of  that  element. 

Arranging  the  elements  in  order  of  increasing  alomi 
weights  it  is  found  that  the  value  for  atomic  volume  reaclie 
its  first  maximum  at  lithium,  that  it  then  diminishes  througll 
beryllium,  boron,  &c.  and  again  increases  through  carbon.  &G 
reaching  a  second  maximum  at  sodium ;  the  other  maxinil 
occur  at  potassium,  rubidium,  and  caesium. 

The  periodic  nature  of  the  connexion  between  atomic 
volumes  and  atomic  weights  becomes  very  apparent  when  the 
magnitudes  of  those  quantities  are  graphically  represented  a: 
is  done  on  the  plate  facing  this  page'. 

The  maximum  points  on  the  curve  are  seen  to  be  occupid 
by  metals  of  low  specific  gravity,  while  the  minimum  pwnC 
are  occupied  by  heavj'  metals. 

The  position  of  an  element  on  the  curve,  with  reference  M 
the  preceding  and  succeeding  elements,  appears  to  be  inU 
mately  connected  with  the  properties  of  the  element  in  question 
Thus  phosphorus  and  magnesium  on  the  one  hand,  and  calciuH 
and  chlorine  on  the  other,  have  nearly  equal  atomic  vohimeti 
phosphorus  and  chlorine  are  followed  by  elements  the  atoinit 
volumes  of  which  are  larger  than  their  own  (i.e.  are  situate) 
on  ascending  portions  of  the  cur\-e),  whereas  magncsiuta  a 
calcium  arc  followed  by  elements  having  atomic  volm 
smaller  than  their  own  (i.e.  are  situated  on  descending  portioii 
of  the  curve). 

The  ductile  metals  are  placed  at  or  near  to  maximum  to 
minimum  points  on  the  curve;  those  of  low  specific  gravil 
occurring  at,  and  immediately  after,  maximum  points,  ai 
those  of  high  specific  gravity  at,  and  immediately  alk 
minimum  points.  The  brittle  heavy  metals  occur  in  s 
4,  5,  and  7  immediately  before  the  minimum  points*. 

'  Only  ihose  eJemenls  the  specific  gravilies  of  which  in  Ulic  solid  iMteti 
been  direcdy  delermioed  nre  included  in  the  curve ;  want  of  diti  it  iodkolld  If 
broken  line. 

'  A  setiion  of  ihe  curve  means  ihc  ['nil  situnled  iicineen  t«o  maximal  ««« 
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The  elements  on  the  descending  parts  of  sections  2  and  , 
of  the  atomic  volume  curve  are  electropositive  and  form  basic 
hydroxides;  those  on  the  ascending  portions  of  the  same  sec 
tions  are  electronegative  and  form  acid  hydroxides.  Each  c 
sections  4  and  5  contains  four  groups  of  elements  arranged  ii 
accordance  with  their  negative  or  positive  character.  Electro 
positive  elements  occur  on  the  first  portions  of  the  descendit^ 
curve  in  each  of  these  sections  (K.  Ca ;  Rb,  Sr) ;  these  a 
followed  by  a  group  of  comparatively  negative  elemenu 
(V,  Cr,  Mn ;  Zr,  Nb,  Mo,  Rh,  Ru) ;  these  again  by  positi;* 
elements  (Fe,  Ni,  Co,  Cu,  Zn,  Ga  ;  Pd.  Ag,  Cd.  In) ;  and  after 
these  comes  a  group  of  negative  and  acid-forming  elemenU| 
situated  on  the  ascending  part  of  the  curve  in  each  secdoO 
(As,  Se,  Br;  [Sn],  Sb,  Te,  I).  Sections  6  and  7  are  toft 
incomplete  to  allow  of  definite  conclusions  being  drawn 
regarding  the  positive  or  negative  character  of  the  elements 
situated  thereon. 
108  Fusibility.  The  melting  points  of  several  elements  have 
been  determined  by  various  observers';  of  late  especially  by 
Carnciley'.  who  has  shewn  that  the  fusibility  of  the  elements 
varies  periodically  with  their  atomic  weights.  The  thin  lint* 
curve  on  the  plate  on  p.  227  graphically  exhibits  this  con- 
nexion. 

A  connexion  may  be  traced  between  the  positions  of  > 
element  on   the  curve  of  atomic  volumes  and    on   that  d 

t  includes  hydrogen  only,  seclion  1  extends  from  lilhiam  <o  sodium,  wcliaD  ] 
rrom  iodiiim  lo  polossium,  and  so  gn.  There  are  probnbly  several  uuktuM 
elements  with  atomic  weights  greater  than  that  of  didymium  mid  snollei  itn 
that  nf  tinl&tum  ;  the  curve,  if  complete,  would  probably  be  marked  by  n 
maximum  point  between  caesium  and  thorium,  this  part  of  ibe  curve  b  tl 
said  to  comprise  two  sections  (6  nnd  7). 

'  See  Conilaitti  cf  Nature,  Part  1.  and  Stipplcment  to  do.    Also  L-  II 
loc.  cit.  pp.  14J,  6.     (English  Ed.  pp.  iig,  130.) 

'  Phil.  Mag.  [;]  8.  jr;  el  lef.:  IhU  paper  contains  a  good  i 
periodk  law.     All  well  established  data  concerning  melting  points  on  c< 
in  Carnelley's  Tables  of  aielliitg  and  beiliHg paints  (1885—8;!. 

'  The  values  of  the  meliing  points  used  in  preparing  thit  currc  are  talcifa 
the  most  pavl  from  Carnelley's  paper.  The  data  are  meagre,  henec  nunl'  pH 
occur  in  the  curve  (indicated  by  the  broken  lines);  majiyof  the  num tiers  csdcmII] 
those  for  elements  at  and  near  to  maximum  points,  must  be  r^aixM  M  fl 
roui^h  npproximallons  In  the  true  values. 
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fusibility;  as  a  rule,  only  those  elements  which  are  situated 
on  ascending  portions  of  the  former  curve,  are  easily  fusible. 
Generalisations  have  also  been  made  concerning  the  con- 
nexions between  the  atomic  weights  of  groups  of  elements 
and  the  melting  points  of  these  elements  and  some  of  their 
analogous  compounds'.  Thus  the  melting  points  of  the 
haloid  salts  of  the  metals  in  Group  li.  (sec  table  on  p.  225) 
are  considerably  higher  than  those  of  the  corresponding  salts 
of  the  metals  of  Group  ill.: —  I 

t.g.     Mga,    MgBr,;        CaClj    CaBr.j    Cal,;        SrClj    SrBr,    Sri,;  [ 

M.P.       708  69s     ;  719         676         631  ;  8:5        630       507  ; 

but        AljCI,      AljBr,      Aljl(. 
U.P.     very  low        90  185. 

Carnelley*  found  the  melting  point  of  beryllium  chloride 
to  lie  between  585  and  6l7^  hence  he  concluded  that  beryl- 
lium belongs  to  Group  ll,  and  that  the  formula  of  its  chloride 
is  BeCI,(Be  =  9-i),  and  not  BeCI,  or  Be,Cl,(Be=  1315)'. 
The  data,  so  far  as  obtained,  concerning  the  boiling  points, 
crystalline  forms,  and  expansion  by  heat,  of  the  elements, 
indicate  that  the  connexion  between  tlicse  constants  and  the 
atomic  weights  of  the  elements  is  of  a  periodic  character*. 

Hartley'  has  shewn  that  the  ultra-violet  spectra  of  elements  109 
of  the  same  group  shew  fairly  marked  analogies  as  regards 
general  character ;  the  spectra  hitherto  obtained  do  not  permit 
him  to  affirm,  or  deny,  the  existence  of  numerical  relations 
between  the  different  groups  of  lines,  sufficient  to  establish  a 
definite  periodic  connexion  between  the  atomic  weights  of  the 
elements  and  the  wave-lengths  of  the  lines  in  the  elementary 
rectra. 

That  there  exists  a  well-marked  connexion,  of  periodic 

racter,  between  the  atomic  weights,  and  the  heats  of  com- 
l^ltiation  of  the  elements  with  chlorine,  bromine,  and  iodine, 

»  S«  WUUams  »nd  Csroelley.  C.  S.  Journal  Truu.  for  IS79,  563:  IBM.  iij. 
»  free.  Ji.  S.  ».  190.     Set  also  IbiJ.  Bcr.  IT.  1357. 
■  Scebiward,  pai.  11 1. 

•  Fordctalli  »ec  L.  Mejxr,  /ar.iii. pp.  ijo— iji.    (English  Ed. pp.  1  jo— if  j.) 

*  C.  S.  yfumaS  Traiu.  Tor  IBM.  Hif :  |ierinaiicnl  pholt^iaplis  i\  itic  iilli.i-vii'lcl 
«  or  nriuiu  elctntnts  ate  girm  in  IhLs  pupei.    See  alio  ibiJ.  Truu.  Tor  1M3, 

d  Prtt.  K.  S.  se.  4IS1. 
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appears  to  have  been  first  pointed  out  by  CarncUey',  A  little 
later  Laurie'  independently  drew  attention  to  this  subject  and 
exhibited  the  relation  in  question  by  means  of  a  curve 
I  110  Having  thus  established  the  existence  of  a  connexion, 
distinctly  of  a  periodic  character,  between  the  atomic  weights 
and  the  general  nature  of  the  elements,  we  may  proceed  Itf 
consider  the  more  important  applications  of  the  periodic  law. 
This  consideration  will  also  serve  more  fully  to  elucidate  thi 
meaning  of  the  law. 

The  law  has  been  applied  to  predict  the  properties  ol 
,  unknown  elements.  In  the  nomenclature  of  unknown  ele- 
ments Mendelejeflf  employs  as  prefixes  the  Sanskrit  numerals 
eka,  dni,  iri,  &c.  Thus  if  no  elements  were  known  with 
atomic  weights  equal  to  about  48  and  90,  two  gaps  would 
occur  in  Group  IV.  (see  table,  p.  225);  from  a  general  in- 
spection of  the  table  it  would  be  seen  that  these  gaps  ought  to 
be  filled  by  elements  bearing  a  more  or  less  close  analog)' 
carbon;  the  hypothetical  elements  would  be  called  eka-carbo» 
and  dni-carboH  respectively.  At  the  time  of  McndelejefTa 
earliest  publication  there  was  no  element  known  which  coa\i 
be  placed  opposite  the  atomic  weight  69  in  Group  lli..  nor 
any  which  could  be  placed  opposite  the  atomic  weight  44  in 
the  same  group.  The  former  of  these  hypothetical  elements 
Mendelejcff  named  eka-alumininm.  the  latter  he  called  tka- 
boron.  The  properties  of  eka-aliimtn'mm  were  predicted  by 
Mendelejeff  from  considering  the  position  of  the  element  in 
the  same  group  as,  and  interposed  between,  aluminium  and 
indium,  and  in  the  same  series  as,  and  following  after,  zinc. 
In  1875  a  new  metal  was  discovered  by  L.  de  Boisbaudraa^ 
The  following  table  contains,  in  parallel  columns,  the  leadinj 
properties  of  this  metal,  and  those  enumerated  by  Mendelejeff 
as  characteristic  of  ika-aluminium :  the  hypothetical  metal 
of  Mendelejeff  and  the  gallium  of  de  Boisbaudran  are  one 
and  the  same  element. 

'  Proc.  ff.S.aa.  igo. 

'  Phil.   Mag.   (5)   16.   41,      For  <3n!a  shewing   ihal  some  of  tlie   [ihj« 

properties  of  compounds,  r.g.  melling  «n(t  bailing  poinls.  vat;  periodicalljr  < 

lealomk  weighis  of  (hi:  coitslilucnt  elements,  sec  Caradlrr,  / 

f-IsI8.3«8-;o- 
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EAa-alum  inium. 
c  weight  about  69. 
dily  obtained  by  reduction. 
limiting  point  low.     Sp.  gr.  =  ^'9. 

>l  acted  on  by  nir. 
IPill  decompose  water  at  a  red  heal. 
Slowly  attacked  by  acids  or  alkalis. 
Will  form  a  potassium  alum  more 
soluble,  but  less  easily  crystallls-  ' 
able,    than     the    corresponding  | 
aluminium  salt.  I 

Oxide  =  EljOj.     Chloride  =  EljCV 


I  Gallium. 

Atomic  weight=69. 
Readily  obtained  by  electrolysing 
alkaline  solutions. 
I  M.P,  =  3o'is°.     Sp.gr.  =  5-93, 
Non-volatile,  and  but  superficially 
oxidised  in  air  at  bright  red  heat. 
j  Decomposes  water  at  high  tempcr- 
'       alures.     Soluble    in    hot   hydro- 
chloric   acid,    scarcely  attacked 
I       by  cold  nitric  acid  ;   soluble  in 
I       caustic  potash. 
I  Forms  a  well-defined  alum. 
OMde=Ga303.    Chloride  =  GaiCl,. 
Eka-boron  belongs  to  Group  III.  the  members  of  which 
group  combine  with  oxygen  to  produce  well-marked  oxides 
having   the  composition   R,Oj,     In    its   properties   eka-boron 
ought   to   be  related    to  aluminium  as  calcium    is   to  mag- 
nesium, and  as  titanium  is  to  silicon.     The  atomic  weight  of 
eka-boron  must  be  about  43 — ^46,  inasmuch  as  it  follows  K  (39) 
and  Ca  (40),  and  is  followed  by  Ti  (48)  and  V  {51).     Reason- 
.  ing  from  these  data,  McndclejcfT  predicted  certain  properties 
as  characteristic  of  eka-boron  and   its  salts.     Some  of  these 
are   placed    in   parallel   columns   with   a  description   of  the 
properties  of  the   metal   scandium'',  discovered    in    1879   ^X 
Nilson  :— 


Eka-boron. 
Atomic  weight  about  44. 
|>  Oxide  EbfO,  soluble  in  acids ;  sp. 
gr.  About  3'5 ;  analogous  to  but 
■e  basic  than  Al,0, ;  less  basic 
tbAn  Mi;0:  insoluble  in  alkalis. 
aJts  of  Eb  colourless,  and  yield 
gelatinous      precipitates      with 
KOH.  K,CO,.  Na,HPO,.  &c. 
Biphate.  Ebj.jSO,,  will   form  a 
,  double  salt  with  K,SO„  probably 
DM  isomorphous  with  the  alums. 
^"  Ibride   EbCli  or  EbjCI,,  sp.  gr. 
[  ftbout  3,  less  volatile  than  AljCI,. 

■  Sec  Iniulalian  of  MendeicJEtTi  papei  in  CJicni. 

*  8rr.  M,  1439.     See  lUo  Clevc.  Ber.  19.  1164 

:( oTUitet  paper  in  C.  S.  Jeiirml  for  1B80.  8. 


Scandium. 

Atomic  weight  =  44. 

Oxide  ScjOj ;  sp.gr.  =  3-8;  soluble 
in  strong  acids  ;  analogous  with 
but  more  decidedly  basic  than 
AljOj;  insoluble  in  alkalis. 

Solutions  of  Sc  salts  colourless  and 
yield  gelatinous  precipiiiites  with 
KOH,  K,.CO„  and  Na^HPO,. 

Sulphate.  SCJ.3SO,,  forms  a  double 
salt,  not  an  alum, 

Sc.3SO,.3KiSO,. 
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There  was  a  gap  in  Group  iv.  Series  5.  Eka-stlkon  comes 
in  the  ^roup  which  comprises  Si,  Sn.  and  Pb,  and  in  the 
series  including  Ga  and  As.  This  hypothetical  element  ought 
also  to  shew  analogies  with  other  elements ;  tlius, 

Es  :  Ti  ::  Zn  :  Ca  ::  As  :  V. 
From  the  position  of  eka-silicon^  Mendelejeff  concluded  tliat 
it  would  be  a  grey  metal,  obtained  by  reducing  the  oxide  by 
sodium,  fusible  with  difficulty;  it  would  decompose  steam 
veiy  slowly,  would  be  scarcely  acted  on  by  acids,  but  easily 
by  alkalis.  The  oxide,  EsO,,  {sp.  gr.  about  47)  would  be 
obtainable  by  burning  the  metal  in  air,  it  would  resemble 
TiO,,  but  would  be  less  basic  than  this  oxide,  although  1 
basic  than  SiO, ;  the  hydroxide  would  be  soluble  in  acids, 
but  the  solution  would  be  easily  decomposed  yielding  a 
soluble  metahydroxide.  The  oxide  would  yield  a  series  of 
double  fluorides  M,EsF,  (M=  alkali  metal)  isomorphous  with 
the  corresponding  salts  of  Si,  Ti,  Zn,  and  Sn.  The  fluoride 
EsF,  would  not  be  gaseous ;  the  chloride  EsCl,  would  be  a 
volatile  liquid  boiling  at  about  I00°.  Eka-silicon  would  form 
volatile  organo-com pounds. 

The  discovery  and  study  of  germanium  by  Winkler'  have 
entirely  confirmed  MendelejelT's  prediction :  eka-silicon  and 
germanium  are  one  and  the  same  element 
111  The  periodic  law  has  also  been  successfully  used  as  a  guide 
in  the  comparative  study  of  the  properties  of  elements  already 
known. 

To  which  group  of  elements  does  beryllium  belong ; 
the  formula  of  the  oxide  BeO  or  Be,0,,  and  of  the  chloride 
BeCl,  or  BeCl,?    Is  the  atomic  weight  of  beryllium  9  or  135? 

The  arrangement  of  the  elements  in  accordance  with  the 
periodic  law  seems  to  necessitate  the  placing  of  beryliium  in 
Group  11.;  but  Nilson  and  Pcttersson,  and  also  Humpidge,  who 
had  made  a  special  study  of  this  metal,  were  for  some 
strongly  of  opinion  that  beryllium  should  be  classed  with  the 

'  Sec  Chem.  Nevit,  il.  83. 

'  Btr.\%.  110;  y./nr  frail.  Chtmu  []],  M.  177;  «.  also  Kiiiss  atiri  HA-m. 

Ber.  aa>  1196:  L.  de  Boi&baudnin,  Compl.  reiut.  US.  iigi  ;  103.  451 !  Kob^ 

IVifd.  A'lH.  M.  6;o;  also  L.  Meyer.  Bcr.  M.  4U7. 
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elements  which  form  oxides  of  the  composition  R,0,-  The 
atomic  weigbt  of  beryllium  =  «  .  91 :  the  data  regarding  the 
specific  heal  of  this  metal  have  been  presented  in  Chapter  I. 
par.  28,  and  it  has  there  been  shewn  that,  so  far  as  specific 
heat  data  are  concerned,  the  value  of  «  is  most  probably  i, 

Carnelley's  determination  of  the  raeiting-point  of  beryl- 
lium chloride  (see  niitf.  par.  108)  points  to  the  beginning  of 
Group  11.  as  the  proper  position  for  beryllium,  and  hence  to 
the  number  gr\  as  the  atomic  weight  of  this  metal. 

The  general  chemical  characters  of  beryllium  salts  are 
summed  up  in  the  three  statements'  (Be  =  9-i); 

^(I)    Li  ;  Be=Be  :  B 
(a)    Li  :  Na=Be  :  Mg  =  B  :  AI 
(3)    Li  :  Mg=Be  :  Al  =B  ;  Si. 
From  these  considerations  we  may  conclude  that  there  is  a 
large  probability  in   favour  of  the  value  9'i   for  the  atomic 
weight    of    beryllium.      This    conclusion    is    supported    by 
Hartley's   observations   on   the   spectrum  of  beryllium   and 
his  comparison  of  that   spectrum  with  those  of  metals   in 
Groups  II.  and  lil.' 

Nilson  and  Pettersson'  have  succeeded  in  gasifying  beryl- 
h'um  chloride;  and  Humpidge'has  gasified  beryllium  chloride 
and  bromide.  The  determinations  of  the  vapour  densities  of 
these  compounds  shew  that  the  formulae  BeCl,  and  BeBr^ 
,  Be  =  9*1;  really  represent  their  molecular  weights. 

There  can  be  no  doubt  that  the  atomic  weight  of  beryllium 
is  9"l,  and  that  this  metal  is  to  be  placed  in  the  same  group 
as  magnesium,  calcium,  zinc,  strontium  &c  all  of  which  form 
oxides  having  the  composition  RO  and  chlorides  having  the 
composition  RCl,, 

In  the  table  on  p.  225  tellurium  and  iodine  are  placed  in 
Series  7.  The  atomic  weight  of  iodine  was  for  many  years 
supposed  to  be  less  tlian  that  of  tellurium ;  nor  was  this 
result  contradicted  by  the  work  of  Wills'.  Nevertheless  the 
'  See  BrauneT,  £er.  M.  ;j. 

»  C.  S.  Journal  VOJiA.  (or  18*3.  316,  390:  alio  ym.  K.  S.it.  461. 
*  Btr.  IT.  9B7. 
'    ~    <.  R.  S.  38.  1 88. 

r.  yMrnal  Tniu.  fut  18T9,  704- 
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analogies  between  sulphur,  selenion.  and  tellurium,  on  thi 
one  hand,  and  chlorine,  bromine,  and  iodine,  on  the  other,] 
are  so  marked  that  it  would  be  absurd  to  place  tellurium  ittj 
the  same  class  as  chlorine  and  bromine,  and  to  classify  iodine] 
with  sulphur  and  selenion.  But  if  the  grouping  indicated, 
by  the  periodic  law  is  to  be  adhered  to  the  atomic  weight  of' 
tellurium  must  be  less  than  that  of  iodine.  Brauner'  in  1SS3 
made  an  experimental  criticism  of  the  method  by  which  the 
atomic  weight  of  tellurium  had  been  determined  by  Berzelius 
and  also  by  Wills ;  he  shewed  that  this  method  almost  neces- 
sarily gives  results  which  are  too  high.  By  converting  tel- 
lurium into  the  very  stable  basic  sulphate  Tc,0,SO,,  and  also 
by  syntheses  of  copper  telluride  Cu,Te.  Brauner  obtained  a 
series  of  values  for  the  atomic  weight  of  tellurium  varying 
from  124-94  to  I2S'4  with  a  mean  value  of  12$.  VVeare  there- 
fore justiAed  in  placing  tellurium  in  Group  VI.  and  iodine  iif 
Group  VII. 

Uranium  is  another  element  the  comparative  study  of  the 
properties  of  which  has  been  much  advanced  by  the  appli- 
cation of  the  periodic  law.  The  atomic  weight  of  this  element 
has  been  established  as  =  «.  120.  If  «  =  1.  the  three  oxides  ol 
uranium  must  be  formulated  UO,  U,0,,  and  U,0, ;  but  there 
is  no  place  for  an  element  with  this  atomic  weight  and 
forming  these  oxides  in  the  periodic  arrangement.  If  how- 
ever «  =  2,  then  (U  =  240)  the  oxides  become  UO,.  UO,,  and 
U,0,,  and  uranium  finds  a  place  in  VI — 12.  The  preceding 
members  of  Group  VI.  which  belong  to  even  series,  viz.  Cr. 
Mo,  and  W,  yield  oxides  of  the  form  RO,  which  are  acid- 
forming.  But  a  comparative  study  of  the  relations  between 
the  properties  of  oxides  and  the  atomic  weights  of  the 
elements  in  these  oxides  shews,  that  as  the  atomic  we^bt 
of  the  elements  in  a  group  increases  the  acidic  character  of 
the  higher  oxides  formed  by  these  elements  becomes  less 
marked  (e.g.  CrO,  is  more  markedly  an  acidic  oxide  than 
MoO,  or  WO,).  Now  the  highest  oxide  of  uranium  is  an 
acid-forming  oxide,  but  its  acidic  functions  are  less  marked 
than  those  of  CrO,,  MoO,,  and  WO,;  salts  corresponding  to 
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K,CrO,  and  K,Cr,0,  in  which  Cr  is  replaced  by  U  arc  known, 

Umnic  chloride,  UCl,  if  U  =  240,  resembles  MoCI,  in  being 

volatile  and  decomposable  by  water. 

T-L        .      .  ,  (.       atomic  weiehtN       -     ,       , 

Ihe    atomic    volume      i.e.  — — — °--       of    the    four 

\         spec  gravity  / 

metals,  Cr,  Mo,  W,  U,  increases  as  atomic  weight  increases, 

the  values  being  Cr=  76;  Mo=  11  ;  W=  1 1  ;  U  =  12-5. 

Hence  the  comparative  study  of  compounds  of  uranium. 
which  is  suggested  by  the  periodic  law,  justifies  the  adoption 
of  the  number  240  as  the  atomic  weight  of  this  metal. 

Determinations  of  tlie  densities  of  gaseous  uranium  bromide 
and  chloride,  and  of  the  specific  heat  of  pure  uranium,  have 
fully  confirmed  this  value.  (See  ante.  Chap.  I.  pars.  19  and  25  ; 
also  p.  S9) 

The  facts  enumerated  in  the  preceding  pages  undoubtedly  llj 
establish  the  periodic  law  on  a  firm  basis,  and  justify  the  em- 
ployment of  this  law  as  one  of  the  main  guides  in  a  general 
scheme  of  chemical  classification'. 

The  following  arrangement  of  the  elements  (the  table  is 
taken,  with  a  few  alterations,  from  a  paper  by  Mendelejeff  in 
Btr.  13.  1804)  is  in  the  opinion  of  Mendelejeff  himself  the 
l»cst  for  clearly  setting  forth  the  general  teaching  of  the 
periodic  law.     (See  next  page.) 

Each  group — except  Group  VliT. — contains  members  be- 
longing to  odd  and  to  even  series;  or  it  may  be  said  that 
each  vertical  column,  or  large  series,  is  subdivided  into  two 
parts  having  seven  elements  in  each.  The  entire  column, 
comprising  an  odd  and  an  even  series,  forms  a  '  long  period ' ; 
the  seven  members  in  the  even  or  in  the  odd  series  form 
a  'short  period.'  The  members  of  Group  VIII.  form  '  transition 
'periods'  from  series  4  to  5,  6  to  7,  (probably  8  to  9),  and 
to  to  II.  Including  the  "transition  periods,'  each  complete 
*  long  period  '  should  contain  17  elements. 

Because  of  its  peculiar  properties,  and  also  because  of  the 

>  Th«  sj'Mein  ol  clanificalion  of  cLemcnii  and  compounds  adopted  in  Elt- 
Mfitary  Ciimiitry  (PaltUon  Muir  >nd  Slnlet)  is  baud  entirely  on  ihe  periodic 
Uw. 

U  U  very  unfinlnniile  thai  MenddejelPs  Triatiie  en  Cktmislry  should  im*. 
)i>r«  been  tninlated  Inlo  one  of  the  languagn  of  Weslctn  Euiove. 


ODD   AND   EVEN   SERIES. 

anomalous  relations  between  the  values  of  its  atomic  weight 
and  those  of  succeeding  elements,  hydrogen  is  regarded  as 
^^ihe  sole  representative  of  Series  i,  Group  I. 
^^L       Comparing  series,  we  find  closer  analogies  between  corre- 
^^Kponding  members  of  odd  or  of  even  series,  than  between 
^^Pthose  of  odd  and  even  series :  thus,  comparing  Series  4  and  6, 
^B  and  4  and  7.  potassium  and  rubidium  are  seen  to  be  more 
^B  closely    related    than    potassium    and    silver;    calcium    and 
^    strontium,  than  calcium  and   cadmium ;   vanadium  and  nio- 
bium,  than    vanadium    and    antimony.      Again,   comparing 
Series  5  and  7,  and  also  5  and  6,  it  is  seen  that  the  relations 
between  zinc  and  cadmium,  or  between  arsenic  and  antimony, 
are  closer  llian  those  between  zinc  and  strontium,  or  arsenic 
and  niobium. 

Omitting  the  'typical'  elements  (see  p.  238)  it  may  be 
said  that,  as  a  rule,  the  most  markedly  nonmetalHc  elements 
arc  placed  in  odd  series.  Also,  that  the  passage  from  an 
even  to  an  odd  series  is  accompanied  by  a  gradual  change, 
but  that  from  an  odd  to  an  even  series  by  a  more  sudden 
change,  in  the  properties  of  the  elements ;  thus  chromium 
and  manganese  resemble  copper  and  zinc  much  more  than 
selenion  and  bromine  resemble  rubidium  and  strontium,  or 
than  tellurium  and  iodine  resemble  cesium  and  barium.  It 
may  also  be  laid  down  as  a  general  proposition  that  volatile 
organo-melallic  compounds  are  formed  only  by  metals  which 
occur  in  odd  series ;  should  such  compounds  be  hereafter 
formed  containing  metals  which  belong  to  even  series,  the 
properties  of  the  compounds  in  question  will  probably  differ 
much  from  those  of  the  volatile  organo-metallic  compounds 
at  present  known.  (Mendclejeff.) 

The  elements  which  form  the  'transition  periods'  (Group 
vin.)  possess  many  characteristic  properties.  They  are  very 
infusible,  have  small  atomic  volumes,  and  occlude  oxygen  and 
utlier  gases  ;  oxides  of  the  form  RO,  arc  met  with  in  this  group 
only;  the  highest  oxides  are  basic  or  only  slightly  acidic; 
ktbcsc  metals  form  stable  alkaline  double  cyanides  K^RCy,. 
kK.RCy^.  or  K,RCy^,  and  also  stable  ammoniacal  compounds'. 
See  Menaclejcff,  Chtm.  X.1V1.  «.  )6;. 
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The  elements  in  Series  2  (from  lithium  to  fluorine),  and 
perhaps  the  first  member  of  Series  3,  viz.  sodium',  are  grouped 
together  by  MendelcjefT  as  'typical'  elements.  There  is  no 
'transition  period'  coming  between  the  even  Series  2  and  the 
odd  Series  3  as  there  is  between  Series  4  and  5,  6  and  7,  and 
10  and  1 1.  The  mean  difference  between  the  atomic  weight! 
of  two  elements  in  successive  even  series  and  in  the  same 
group  (e.g.  between  potassium  and  rubidium,  or  between 
rubidium  and  cesium)  is  45  ;  but  the  mean  difference  between 
the  atomic  weight  of  an  element  in  Series  4  and  the  corre- 
sponding element  (i.e.  the  element  in  the  same  group)  in 
Series  3  is  35  ;  hence  we  should  expect  to  find  the  relations 
of  Series  2  to  other  series  different  from  the  general  mutual 
relations  exhibited  by  these  other  scries.  As  the  lower  mem- 
bers of  an  homologous  scries  of  carbon  compounds  are  some- 
times characterised  by  the  possession  of  properties  which  do 
not  belong  to  the  higher  members,  so  the  elements  with 
atomic  weights  ranging  from  i  to  19  (?  23)  are  charactoiscd 
by  special  properties  which  to  some  extent  mark  them  off 
from  the  other  elements. 

As  the  atomic  weight  increases  in  each  group,  the  basic 
character  of  the  higher  oxides  formed  by  the  members  of  the 
group  becomes  more  marked,  and  at  the  same  time  these 
oxides  become  more  easily  reduced.  It  is  also  to  be  noted 
that  the  composition  of  the  more  stable  haloid  and  oxyhaloid 
salts  (and  in  some  cases  of  the  more  stable  salts  as  a  whole) 
tends,  as  atomic  weight  increases,  to  correspond  in  form  with 
an  oxide  containing  less  oxygen  than  the  highest  oxide. 
These  statements  hold  good  more  especially  for  those 
members  of  a  group  which  occupy  the  odd  series.  Group  V. 
presents  a  good  example.  Sb,0,  is  more  basic  than  J\0^  and 
BijOj  is  marked  by  an  almost  complete  absence  of  acidic  pro- 
perties. The  highest  oxides  of  this  group  belong  to  the  form 
RXj  (see  p.  240) ;  the  stable  haloid  and  oxyhaloid  salts  of 
phosphorus,  vanadium,  niobium  (PF,,  VOCl,,  NbCI,),  belong 
to  the  same  form,  but  the  bismuth  haloid  and  oxyhaloid  sahs 

'  Sume  chemists  class  all  i)ie  members  of  ScriE$  1  and  j  (Li  in  CI  includ>Tt 
as  'lypical'  clemenls. 
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are  BiCI,.   BiBr,,   BiOCI,  BiOBr,  &c.,  which  belong  to  the 
form  RX,  corresponding  to  that  of  the  lower  oxide  Bi,0,. 

The  first  and  last  members  of  a  series,  and  more  especially 
of  a  '  long  period,"  present  marked  differences  in  their  general 
chemical  behaviour;  thus  lithium,  potassium,  and  rubidium, 
the  first  members  of  the  long  periods  i,  2,  and  3,  are  strongly 
positive,  whereas  the  last  members  of  the  same  periods, 
viz.  chlorine,  bromine,  and  iodine,  are  typically  negative 
elements. 

Each  group  may  be  divided  into  two  subgroups,  one 
comprising  the  elements  belonging  to  even  series,  the  other 
those  belonging  to  odd  series.  Calling  these  sub-groups 
families,  we  may  say  that  the  family-character  is  more 
marked  than  the  group-character  in  Groups  I.  and  VII.,  but 
that  in  Groups  III.,  IV.,  and  V.  the  group-character  prepon- 
derates, and  that  both  the  general  group-character  and  the 
special  family- character  are  well  seen  in  Groups  11.  and  vi. 

The  compositions  of  the  highest  oxides,  and  of  .some  of  113 
the  other  salts,  appear  to  be  periodic  functions  of  the  atomic 
weights  of  the  elements.  In  dealing  with  this  question  it 
«-i!l  be  well  to  use  the  term  'formula  weight'  rather  than 
molecular  weight,  as  the  molecular  weights  of  very  few  oxides 
have  been  determined. 

If  R  be  used  to  represent  the  mass  of  an  element  ex- 
pressed by  its  atomic  weight ;  and  if  X  represent  the  masses 
of  F.  CI,  Br,  I,  expressed  by  the  respective  atomic  weights  of 
these  elements,  or  the  masses  of  the  groups  (OH),  (NO,), 
CIO,),  &c.,  expressed  by  these  formula;,  or  the  masses  of 
the  elements  or  groups  of  elements  expressed  by  halva  of 
the  formute,  O.  S,  (SO.l,  (CrO.l,  &c. :  then  we  may  say  that 
the  oxides 

R,0,  RO,  R,0,-  RO,.  l^A' 
belong  respectively  to  the  forms 

RX,  RX,.  RX,,  RX,.  RX,: 
also  that  the  salts 

R,SO.-,  R.2NO,;  R.3NO,,  ROCI.  R,.3S0,.  RO.NO.;  ROCI., 
belong  respectively  to  the  forms 

RX;  RX  -  RX,,  RX,,  RX„  RX,;  RX,. 
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In  this  way  it  becomes  possible  to  give  general  expression 
for  the  forms  of  the  highest  stable  oxides  characteristic  t 
each  group  :  thus, — 

Group     1  H  111  IV  V  VI  VII  vm 

RjO        RjOj      RjOs      R,0,      RjOj      R^O,      (RfO,)      (R^, 

or         RX         RX,       RX,       RX^       RX^       RX,       (RX,)       {RX^ 

This  statement  may  be  put  thus  ;  the  number  of  oxyg« 
atoms  ill  the  general  expression  for  the  composition  of  th( 
highest  stable  oxide  characteristic  of  each  member  of  a  s 
increases  as  the  atomic  weights  of  the  members  of  the  seric! 
increase. 

Most  of  the  stable  salts  (haloid  salts,  oxyhaloid  salt^ 
nitrates,  sulphates,  chromates,  phosphates,  &c.)  characterisri* 
of  the  members  of  each  group  belong  to  the  same  genera] 
form  (RX,  RX,,  &c.l  as  the  oxides.  But  in  ever>-  group 
well-marked  salts  are  known  which  belong  to  higher  forms 
than  the  oxide  form:  thus,  some  of  the  members  of  Group  [. 
form  peroxides  (K,0,,  K,0,,  &c.);  some  of  the  elements  io 
Group  ir.  form  salts  (such  as  K.BeF,,  K,ZnCl,.  &c.)  of  the 
form  RX.;  salts,  such  as  BOCl,,  KBF,.  KAlBr..  &c.  be- 
longing  to  the  form  RX^,  are  found  in  Group  III.  The  forms 
of  the  highest  salts  belonging  to  each  group,  and  also  the 
oxide  forms,  are  given  by  Brauner' ;  thus, — 


Group 
Sail  forms 
Oxide  forms 

1          II        III 
RX,      RX,      RX, 
RjO     R,Oj    RjOj 

IV 

RX^ 

RX, 

VI          VII 

RX,      RX 
R.O.  (R,0,) 

nil 

or  thus, — 

Salt  forms 
Oxide  forms 

RX,      RX,      RX, 
RX      RX,      RXj 

RX, 
RX, 

RXj 

RX( 

RX,     RX 

RX,  (RX,) 

&.) 

The  statements  generalis 

d    in 

these 

expressions 

can  be 

accepted  only  as  rough  approximations  to  general  truths. 
Oxides  of  the  forms  given  in  the  table  are  sometimes  less 
stable  than  oxides  of  other  forms;  e.g.  Cu,0  is  less  stable 
than  CuO,  PbO,  than  PbO,  &c. :  the  form  chosen  for  the 
highest  oxides  is  sometimes  represented  by  very  few  if  any 
actually  occurring  compounds ;  thus  the  form  R,0,.  charac- 
teristic of  Group  VH.,  finds  its  only  representative  in  1,0,. 
'  Sitibirichft  Jrr  K.  Akad.  tii  IVt'cn,  {maih-nolunuisj.  rkxiii\  H.  i  rfi.t. 


and  the  existence  of  this  oxide  cannot  be  regarded  as  proved. 

Again,  salts  belonging  to  the  general   expressions  given  as 

I  representing  the  highest  forms  are  sometimes  fairly  chaiacter- 

:  of  the  group,  in  other  cases  it  is  only  by  a  dexterous 

tanipulation  of  formulae  that  the  existence  of  such  salts  can 

!  discovered  ;  thus  a.  great  many  well-marked  salts  of  the 

mbers  of  Group  v.  undoubtedly  belong  to  the  form  JiA',, 

nit  it  is  only  by  having  recourse  to  such  a  substance  as 

'  NaOH  .  3H,6  [Na(OH)(OH),H,]  that  a  salt  of  the  form  RX, 

can  be  found  belonging  to  Group  i. 

Relations  can  be  traced  between  the  general  forms  of 
hydrogen  and  hydroxyl  compounds,  especially  in  Groups  iv., 
v..  VI.,  and  Vii.;  thus,— 


Group        IV 

HydtDgen  compounds  RH, 

,.g.  SIH, 

>xyl  compounds  RH,0, 

f.fT-  SiCOH), 


RH, 


QH 
RHOj 


^P     Hydroxyl  compounds     RH,0,         RH.O,         RH,0, 
^  f.fT-     SiCOH),       I'0(0H1,    SO.{OH),    CIO-(OH) 

Dalton,  and  after  him  Berzelius,  sought  to  elucidate  the 
laws  of  atomic  synthesis ;  the>'  strove  to  find  forms  capable 
of  expressing  the  maximum  number  of  atoms  of  this  or  that 
element  which  could  combine  to  form  salts.  But  much  had 
to  be  done  before  these  limiting  forms  could  be  found  :  a  firm 
-landing  ground  appears  to  be  now  gained  in  the  periodic 
•iw;  to  build  a  structure  worthy  of  the  foundation  must  be 
I  he  work  of  the  future. 
14  The  valency  of  the  elementary  atoms  probably  varies 
periodically  with  the  relative  weights  of  these  atoms.  Thus 
taking  Series  2,  and  assuming  that  the  atom  of  lithium  is 
monovalent,  it  is  seen  that  in  this  series  the  valency  of  the 
elemcntarj-  atoms  increases  from  one  to  four,  and  again  di- 
minishes from  four  to  one : — 


Be 


B 


N 


\'alenc>*       1  334321. 

If  the  evidence  were  sufficient  to  warrant  the  assumption 

that  the  valency  varies  in  every  series  in  the  same  way  as  in 

.Srn«  2,  we  should  have  in  the  periodic  law  a  most  important 

.  ,iids  determining  the  valencies  of  all  the  elementary 
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atoms.  But  the  evidence  at  present  available  concerning 
valency  does  not  permit  us  to  make  this  assumption.  A  pro- 
bable value  for  the  valency  of  an  elementary  atom  may  be 
deduced  from  the  position  of  the  element  in  the  periodic, 
arrangement,  but  this  value  must  not  be  considered  as  final 
It  has  indeed  been  sought  to  fix  the  valencies  of  elementary 
atoms  from  considerations  drawn  from  the  positions  of  these 
elements  in  the  periodic  classification;  but  this  has  been 
done  only  by  attaching  to  the  term  'valency'  a  much  looser 
meaning  than  that  which  I  have  attempted  to  shew  must  be 
given  if  an  accurate  working  hypothesis  is  to  be  developed. 
In  applying  the  periodic  law  to  determine  the  valencies  of 
elementary  atoms,  the  formula  of  oxides  and  of  solid  salts 
generally  have  been  employed  as  data  from  which 
elusions  might  be  drawn.  But  if  we  define  the  valencj'  of 
an  atom  as  the  maximum  number  of  other  atoms-with  which 
the  given  atom  can  directly  interact  in  any  molecule,  then. 
deduce  valencies  from  a  study  of  solid  salts,  we  must  assume, 
(1)  that  the  formula  of  a  solid  salt  certainly  represents  at 
least  the  proportion  between  the  numbers  of  atoms  of  each 
element  in  the  molecule;  (2)  that  the  atom,  the  valency  ol 
which  is  to  be  determined,  acts  on,  and  is  acted  on  by,  certain 
other  atoms  in  the  molecule — in  some  cases  it  may  be  actioO 
is  assumed  between  all  the  atoms,  in  other  cases  only  betweca 
some  of  the  atoms,  in  the  molecule;  and  (3)  we  must  assume 
a  value  for  the  valency  of  each  atom,  other  than  the  given 
atom,  in  the  molecule.  Thus  to  take  an  extreme  case; 
hyd  rated  chloroplatinic  acid  H,PtCl„ .  6H,0  has  been 
presented  in  this  way 

viii       nt    IV 
HaPt(-Cl  =  0  =  H,)'; 
and  the  conclusion  has  been  drawn  that  the  platinum  atom 
is  octovalenl. 

I  have  already'  discussed  assumptions  (2)  and  (3*, 

have,  I   hope,  shewn  how  unsatisfactory  any  conception  d 

valency  must  be  which  in  the  present  state  of  knowledge  i» 

based  on  the  study  of  other  than  gaseous  compounds.    A  soIkJ 

'  See  chapier  u.  settion  3.  par.  6j. 
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Tipound  is  prepared  with  definite  properties ;  analysis  serves 
F;to  fix  the  composition  ;  the  atomic  weights  of  the  elements  in 
the  compound  being  known,  a  formula  is  found : — but  to 
assume  that  this  formula  necessarily  represents  the  ratio 
bctiveen  the  numbers  of  different  elementary  atoms  in  the 
moiecuU  of  this  compound,  is  I  think  more  than  a  fair  in- 
ference from  the  facts.  For  is  not  this  to  assume  that  the 
"chemical  unit'  of  the  solid  compound  is  a  molecule,  whereas 
it  may  very  probably  be  a  group  of  molecules?  The  defini- 
tion of  ■  molecule '  is  a  physical  definition,  and  is  strictly 
applicable  only  to  gaseous  bodies.  The  properties  of  a  solid 
may  be  the  properties  of  a  number  of  little  definite  parts, 
each  of  which  decomposes  into  two  or  more  simpler  groups 
(molecules)  when  the  solid  is  gasilied  ;  the  ratio  between  the 
numbers  of  atoms  in  the  true  molecules  may  be  different 
from  the  ratio  between  the  numbers  of  atoms  in  those  groups 
of  molecules,  which  form  the  building-stones  of  the  solid 
compound'. 

But  it  may  be  urged  that  a  much  wider  meaning  ought 
to  be  given  to  the  term  valency.  Better,  I  would  reply, 
employ  another  term  or  other  terras.  Let  us  make  as  much 
use  of  valencj-  as  we  can  ;  so  far  as  it  goes  it  is  definite,  with- 
out it  the  chemistry  of  carbon  compounds  especially  could 
not  have  made  the  advances  which  it  has  made.  But  it  is 
not  all. 

A  suggestion,  which  seems  fairly  probable,  has  been  made 
to  the  effect  that  the  maximum  valencies  of  the  atoms  increase 
from  the  members  of  Group  i.  to  those  of  Group  VIi.,  but  that 
the  valency  actually  exhibited  in  the  majority  of  gaseous 
compounds  varies  from  a  minimum  in  Group  i.  to  a  maximum 
in  Group  iv.,  and  then  decreases  to  a  minimum  in  Group  VII. 
6  In  applying  the  periodic  la\v  to  the  case  of  an  individual 
element,  it  is  necessary  in  the  first  place  to  consider  the 
properties  both  of  the  group  and  the  series  to  which  the 
element  belongs;  then  the  position  of  the  element  in  the 
^roup  and  scries  must  be  considered ;  the  relations  of  other 


'  Tlie experimeats  of  Hittm-fuailieelKtrolyaUnrn^liicuuisolutionsorculi 
Ut  Me  very  «U|Sesiivc  (sec  amtt^  p.  1151. 
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elements,  situated  similarly  to  the  specified  element,  to  XU 
other  members  of  their  groups  and  series  must  also  be  con 
§idcred,  and  these  relations  must  be  compared  with  those  o 
the  special  element  under  consideration ;  and  finally  the  i 
lalions  of  group  to  group  and  of  series  to  series  in  the  etittn 
scheme  must  be  looked  to.  The  method  is  strictly  com 
parative.  It  is  necessary  to  study  classes  of  elements  and 
compounds,  and  to  compare  class  with  class  and  individual 
with  individual,  before  just  conclusions  can  be  dra 

The  periodic  law  emphasises  the  existence  of  typical  form* 
for  the  compounds  of  elements;  it  points  to  limiting  values 
for  the  numbers  of  atoms  which  can  be  associated  together 
in  groups.  It  teaches  the  importance,  in  the  chemistry-  of 
solid  and  liquid  compounds,  of  the  law  of  multiple  proportions. 
It  reminds  us  that  at  present  we  must  study  the  properties  of 
groups  of  compounds,  that  we  must  sum  up  these  properties 
in  the  simplest  possible  formulae,  and  tliat  the  whole  cheroicxi 
history  of  each  compound  must  determine  the  form  to  t 
given  to  the  symbol  by  which  we  express  that  history'.  Il 
tells  us  that  although  we  do  not  know  whether  such  formulae 
do  or  do  not  represent  the  relative  weights  of  the  molecules 
of  the  bodies  formulated,  nevertheless  these  formula  can  b 
classified  under  a  few  types ;  and  that  thus  a  certain  amount 
of  order  can  be  introduced  into  the  classification  of  solid  i 
liquid  compounds,  general  conclusions  can  be  drawn,  and  prfr 
dictions  can  be  made  which  may  be  submitted  to  the  test  «i 
experiment.  And  while  doing  this,  the  periodic  law  kecpi 
before  us  the  necessity  of  from  time  to  time  modifying  mir 
scheme  of  classification ;  it  reminds  us  that  a  typical  dassJIi* 
cation  is  of  necessity  temporary,  but  that  just  by  reason  of  iti 
elasticity  it  is  suited  to  the  present  needs  of  tlie  chemistr)"  ol 
solid  and  liquid  substances*. 

'  The  student  should  work  out  some  cases  in  itelait ;  sny  lenil  hi  Cri»i;>  >'■ 
antitnon;  in  Group  v.,  and  cadmium  in  Gmup  II. 

'  Il  is  interesling  to  observe  in  ihe  appUcftlions  of  the  periodic  l*w  lhc«r«i^« 
in  modified  nnd  more  precise  form,  of  the  old  conception  of  the  «l«nnl  *■  1 
essence  or  principle,  capable  of  impressing  on  nil  subalances  inio  which  it 
properties  sufficiently  definite  to  mark  off  these  snhslances  from  all  a 
di<l  not  contnin  this  priadplc. 
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An  inlctetling  [lapet  on  the  penodic  Ihw.  especially  ns  applied  10  ihe  dos- 
'eation  cf  ekmenis  and  compounds,  by  T.  Dnyley,  will  be  found  in  Phil. 
'•  (j)  1''  ^'  Other  imporLini  papers  on  tbc  same  subjcci,  by  CaimiUey, 
Ubibed  in  Phii.  Maj(.  (5).  IS.  1  tt  itq.:  ,!o.  lU.  (j).  90.  «5g.  In  these 
<  tbe  pedottic  law  is  illuslraled  by  considering  [he  melting  and  baiting 
>  some  extent  it1«o  the  heels  of  fajmnlion.  of  the  halc^en  compoundt 
1  (he  elemenli,  anit  also  the  compounds  of  elements  with  organic  radicles,  and 
also  ihc  occurrence  in  r»tnre  of  the  elements,  and  the  relations  between  ihe 
coloun  of  compounds  and  the  .-itoraic  weights  of  their  constituent  elements;  and 
the  bcis  thus  obtained  are  applied  to  determine  the  values  to  be  assigned  to  the 
atmnic  weights  of  various  elements,  anil  also  the  positions  of  these  elements  in 
tlie  general  scheme  of  clafsilicalion  based  on  the  law  in  question. 
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^^H     I  cannot  hope  to  avoid  both  dangers :  but  I  may  venture 
^H[»  believe  that  the  contents  of  the  present  chapter  will  be 
^^of  some  assistance  to  those  who  attempt  to  gain  clear  con- 
ceptions of  some  of  the  important  phenomena  forming  the 
subject-matter  of  physical  chemistry, 

Some  of  the  physical  methods  employed  by  the  chemist 
as  aids  in  attempts  to  solve  the  questions  of  chemical  statics 
have  been  considered  in  the  foregoing  chapters  of  this  book  ; 
in  addition  to  these  I  shall  consider  the  following;  (1)  ther- 
mal methods,  (2)  optical  methods,  (3)  methods  which  in- 
volve measurements  of  the  volumes  of  reacting  substances, 
jL  (4)  methods  based  on  determinations  of  'etherification-valucs', 
■^uid  (s)  a  few  miscellaneous  methods. 

It  The  principle  of  the  conservation  of  energy  lies  at  the 
root  of  all  thermo-chemical  investigation.  When  two  or 
more  chemical  substances  react  so  as  to  produce  a  new 
system,  or  new  systems,  of  substances,  mechanical  work  may 
be  done  by  expansion,  electrical  currents  may  be  produced, 
heat  may  be  generated,  and  enei^y  may  be  lost  to  the 
system  in  the  forms  of  sound  or  radiant  heat.  The  sum  of 
these  various  kinds  of  energy,  together  with  the  energy  re- 
maining in  the  final  system,  must  be  equal  to  the  energy 
which  was  present  in  the  original  system.     A  very  large  part 

■  of  the  energy  set  free  during  chemical  changes  generally 
leaves  the  changing  systems  in  the  form  of  heat ;  hence, 
measurements  of  the  quantities  of  heat  produced  during 
definite  cliemical  processes  atTord  valuable  information  with 

'  The  (irincipal  tem-lHMlu  on  the  subject  are  Nauhann's  Lihr~  iind  Hand- 
u.h  der  Tkermetkeinu  (18S1).  Thomsen's  Thtmiixhimueht  UnUrsucKungeH, 
.iiialnlng  in  ft  tyslemniic  form  ibe  work  of  mftny  years  which  has  hiiherio  been 
iiterol  tlirmiGh  vailnus  memoirs,  4  vob.  (iSSi-M).  Bkbtiirlot's  Eisai  A 
',.'n-anu/ut  Chiim^ut  /oHdi't  stir  la  Thfrmtc^imit,  7  vuli  {iS;^)  wiih  supple- 
mi.  Jaiiv'i  Pu  Crundsatt*  der  ThtrtHXkemit  (18K1).  pArnsuH  MuiK's 
;:-j  Sitmiiti  p/TMn-mai  Cktmulry  (iSSj). 

uTbi  Gr>t  buok  of  ih«  KCanil  vulutne  of  Oswald's  LtliriiKh  Jer  Allgtm/incn 
w  i»  devoted  to  ihtmiil  ihemisiiy  1 18S7}. 
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respect  to  the  differences  between  the  amounts  of  enci^' 
possessed  by  the  systems  in  their  original  and  final  states. 
To  measure  such  differences  of  energy  is  the  primary  aim  cA 
thermal  chemistry. 

We  are  accustomed  to  conceive  of  most  chemical  changi 
as  divisible  broadly  into  two  parts,  fi)  separation  of  molecules' 
into  atoms,  (2)  re-arrangement  of  atoms  to  form  new  mole- 
cules. We  picture  to  ourselves  the  final  arrangement  of  the 
atoms  as  dependent  on  the  nature  of  these  atoms,  and  oil 
their  relative  positions  in  the  molecules  which  composed  tlie 
original  system,  that  is  to  say.  we  picture  the  progress  of 
mutual  actions  and  reactions  among  the  separated  atoms. 
We  know  little,  or  nothing,  of  the  cau.ses  of  this  re-arrange- 
ment; but  we  arc  accustomed  to  say  that  the  atoms  interact 
because  of  their  mutual  affinities. 

A  consideration  of  the  circumstances  under  which  chemical 
changes  proceed  and  of  the  connexions  between  these  and  the 
thermal  changes  which  accompany  tliem  will,  I  think,  make 
it  evident  that  measurements  of  the  quantities  of  heat  pro- 
duced during  chemical  occurrences  do  not  represent  measure- 
ments of  the  ■  chemical  affinities  "  of  the  reacting  atoms ;  but 
these  measurements  do  enable  us  to  draw  conclusions  as 
the  constitution  of  chemical  substances,  and  the  general  laws 
of  chemical  change. 

The  bearing  of  thermochemical  measurements  on  tlw 
subjects  of  affinity  and  chemical  equilibrium  in  general  will  be 
considered  in  the  second  book  :  in  the  present  section  I  pro-| 
pose  to  give  a  very  brief  sketch  of  the  methods  of  tliermal 
chemistry,  and  an  outline  of  the  more  important  results  ob- 
tained relating  to  allotropy,  isomerism,  nascent  state,  and 
other  phenomena  of  chemical  statics,  referring  the  student 
for  more  detailed  information  and  discussion  to  my  EUmmU 
of  Thermal  Chemistry. 
118  The  notation  of  thermal  chemistry  used  by  Thomscn 
very  simple:  the  formula?  of  the  reacting  substances  i 
enclosed  in  a  square  bracket,  and  each  formula  is  separated 
from  the  other  by  a  comma.  The  formula  are  always  taken 
'  i^tf  pjil.  Book  J  I. 
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H  represent  so  many  grams  of  the  substances.  The  unit  of 
at  adopted  13  that  quantity  which  raises  the  temperature  of 
;  gram  (if  water  at  about  iS'  C.  through  i'  C.  The  signs 
•  and  —  are  used  to  express  quantities  of  heat  produced  or 
Wch  disappear.  Thomsen  writes  the  figure  expressing  the 
number  of  atoms  of  each  element  above  the  symbol  of  that 
element'. 

Thus,  the  formula  [H*,  Cr]=44.00O  +  ,  means  that  a 
quantity  of  heat,  sufficient  to  raise  the  temperature  of  44,000 
grams  of  water  at  about  18  through  l'',  is  produced  during 
the  chemical  process  represented  in  ordinary  notation  by 
H,+ C1,=  2HCI.' the  quantities  of  hydrogen  and  chlorine 
being  taken  in  grams,  The  symbol  Aq,  separated  by  a 
comma  from  another  symbol,  means  that  a  large  excess  of 
water  is  present  and  that  its  effect  in  the  total  thermal 
change  is  taken  into  account;  thus.  [HCl.  Aq]  =  17,330+, 
means  that  17.320  gram-units  of  heat  are  produced  during 
the  solution  of  36*5  grams  of  hydrochloric  acid  in  a  quantity 
of  water  so  large  that  addition  of  more  water  would  not  affect 
the  thermal  value  of  the  reaction.  [H^  CI*,  Aq]  =61,320  +  , 
means  that  the  combination  of  2  grams  of  hydrogen  with  71 
grams  of  chlorine  in  rhe  presence  of  an  unlimited  amount 
of  water  is  attended  with  the  production  of  61,320  gram-units 
of  heat.  [HCIAq.  KOHAqi  =  13,750  +  ,  means  that  when 
J^'S  grams  of  HCl  dissolved  in  a  large  excess  of  water  react 
with  56  grams  of  KOH,  also  dissolved  in  a  large  excess  of 
water  13.750  gram-units  o(  heat  are  produced. 

The  symbol  H,0  is  used  as  in  ordinary  notation  to  repre- 
sent 1 8  grams  of  water  ;  thus 

(i)    [Mn,  O',  SO",  4H»0]-.i9o,8io-n 

(2)         [MnS0*4H'0,  Aq]=      1770+; 

M'can,  fl)   that  in  the  formation   of  the  amount,  in  grams, 

1   crystallised  manganous  sulphate  expressed  by  the  formula 

MnSO,4H,0,  from   the  amounts,  in   grams,  of  manganese, 

'  ThumMn  appcirs  10  be  the  only  chemist  who  sysicmwieally  writes  the  inrficcs 
Mire  the  irmbuUof  clonenK  in  the  rormuln:  of  thermal  chemlstiy.  Thomseo 
ivLi  tofucliinei  (IMS  the  colon  in  pl.ice  of  the  canima  lo  cspre^s  chimital  rncliuD 
,  [urem  the  *uIi»IdUi-cs  wliuse  fDrmuhi:  are  3Ciiii[iilt.l  liy  this  symlxil. 
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ilpluir  dioxide,  and  water,  expressed  by  the  respec- 
ilt-E   Mn.  O,.  SO,,  and  4H,0,    iC)0,8io  gram-units 
e  produced:  (2)  that   1770  gram-units  of  heat  are 
in  the  solution  of  the  foregoing  number  of  grams  of 
d    manganous   sulphate   in   an   unlimited  quantity 

illy  (hen',  let  r  =  the  thermal  value  of  a  chemical 
L't  the  change  be  the  formation  of  a  definite  amount 
ipound"   viz.    IX,V^,),    consisting   of   a    parts   by 
the  element  -V,  6  parts  by  weight  of  the  element  K. 
3  by  weight  of  the  element  Z;  then 

r^iX-,  y\  Z-]  (I). 

e  compound  -V„  V,Z,  be  produced  as  before,  but  in 
jf  a  large  excess  of  water  which  holds  it  in  solution; 

'    l-v.  r-.  Z',  Aqi  z.- 

c  Mil.-l.uuL'  X,  y.Z  .drcady  L-xi^tin;.'  be  dissolvu.)  ii. 
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t  of  iron  with  a  solution  of  copper  sulphate  to  produce 
s  sulphate  and  copper : 

[CuSO'Aq,  Fe]  =  [Fe.  SO'Aq]-[Cu,  SO'Aci). 
As  an  illustration  of  (5)  the  decomposition  of  PbO  by  H,S 
Suiting  in  the  production  of  PbS  and  H,0,  may  be  used  ; 
[PbO,  H'S]=[Pb.  S]+[H»,  0]-[P>,  0]-[H^  S]. 
Ostivald  {Lehrbuch)  uses  a  system  of  notation  which 
expresses  more  facts  about  each  reaction  than  that  em- 
ployed by  Thomsen.  The  latter  does  not  indicate  the  pro- 
ducts of  the  chemical  change  the  thermal  value  of  which 
is  stated.  Ostwald  employs  the  ordinary  notation,  but  sup- 
plements each  equation  by  a  statement  of  the  quantity  of 
heat  which  is  produced  or  disappears  in  the  reaction  :  he  also 
uses  three  kinds  of  type  to  express  the  state  of  aggregation 
of  the  various  bodies.  A  symbol  printed  in  thick  type 
indicates  a  solid,  ordinary  type  indicates  a  liquid,  and  italics 
shew  a  gas.  The  following  examples  illustrate  Ostwald's 
system. 

^^1  (3)    2HiSAq+z!r^q  =  4HIAq  +  2S  +  34,ooo. 

^^^  These  equations  tell  (i)  that  the  sum  of  the  internal 
energies  of  2  grams  of  gaseous  hydrogen  and  71  grams  of 
gaseous  chlorine  exceeds  the  internal  energy  of  73  grams 
■  'f  gaseous  hydrochloric  acid  by  a  quantit>-  equal  to  44,000 
.;ram-unils  of  heat,  and  (2)  and  (3)  that  the  sum  of  the 
internal  energies  of  6S  grams  of  gaseous  sulphuretted 
hydrogen  and  508  grams  of  solid  iodine  is  equal  to  that 
of  512  grams  of  gaseous  hydriodic  acid  and  64  grams  of 
solid  sulphur  diminished  by  34400  gram-units  of  heat,  but 
that  thf  sum  of  tlic  energies  of  the  same  masses  of  hydrogen 
ulphidc  and  iodine  in  dilute  aqueous  solution  exceeds  the 
um  of  the  energies  of  the  same  mass  as  before  of  hydriodic 
L-Jd  in  dilute  aqueous  solution  and  the  .same  mass  as  before 
I  solid  sulphur  by  54,400  gram-units  of  heat.  If  it  is 
[Lquired  to  indicate  a  particular  temperature  at  which  one 
r  other  of  the  reacting  bodies  is  caused   to  take   pan  \n. 
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the  reaction,  this  is  done  by  Ostwald  by  putting  the  number 
indicating  the  temperature  in  small  figures  in  a  bracket  below 
the  symbol  of  the  body;  thus  S,*,nieans  32  grams  of  solid  sulphur 
at  30";  35",^,  means  64  grams  of  gaseous  sulphur  at  600°.  The 
value  of  the  thermal  change  accompanying  a  change  of  state,  or 
a  change  of  the  same  body  from  one  temperature  to  another, 
may  be  very  easily  indicated  by  using  Ostwald's  system  of 
notation.  Thus  H,0,„|  =  H,Oiui  +  144°.  of  what  is  the  same 
thing  H,0,„,  -  H,Ooi,  =  1440,  tells  that  the  change  from 
iS  grams  of  liquid  water  at  0°  to  the  same  mass  of  solid 
water  at  the  same  temperature  is  accompanied  by  the  pro- 
duction of  1440  gram-units  of  heat.  Again  Cllii»,  =  CHo.  +  ^00 
tells  that  6j'S  grams  of  solid  copper  at  lod*  contain  enei^ 
equal  to  600  gram-units  of  heat  more  than  63'5  grams  of 
solid  copper  at  0°. 

Both  Thomsen's  and  Ostwald's  system  of  notation  will 
be  used  in  this  book  ;  the  latter  especially  when  it  is  desired 
to  indicate,  shortly  and  clearly,  differences  in  the  states  of 
aggregation  of  the  reacting  bodies. 
\  119  A  distinction  has  l>een  drawn  between  so-called  exotkfnnk 
and  endotkcrmic  changes ;  the  former  are  accompanied  by 
production,  the  latter  by  disappearance,  of  heat. 

Let  {P°Q')  represent  the  energy  in  a  compound  formed  of 
a  parts  of  element  P  and  b  parts  of  element  Q:  let  (/^)  and 
({2°)  represent  the  energy  in  a  parts  of  P,  and  In  b  parts  of 
(2,  respectively;  then,  inasmuch  as  the  enei^- in  any  system 
resulting  from  a  definite  chemical  change  is  equal  to  the 
difference  between  the  energy  in  the  original  system  froni 
which  it  was  produced  and  that  lost  to  the  system  during  the 
process,  it  follows  that 

assuming  tliat  the  heat  produced  in  the  formation  of  P'Q 

measures  the  total  loss  of  energy; 

and  therefore  (i"')  +  (G')>l'^i2'). 

This  equation  represents  an  exothermic  change. 

But  in  some  cases  a  chemical  change  occurs  only  when  heat 
is  added  to  the  changing  system  from  without ;  in  such  a  ease 
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d  therefore  (/")+{G*)<(^2*)- 

Tiis  equation  represents  an  endothermic  change. 

In  some  cases,  a  chemical  reaction  which  seems  to  be 
llccompanied  by  disappearance  of  heat  is  found,  on  more 
careful  study,  to  form  one  member  of  a  scries  of  changes  the 
thermal  sum  of  which  is  represented  by  a  positive  quantity. 
Indeed  any  chemical  reaction  is  a  most  complex  phenome- 
non when  regarded  from  the  thermal  point  of  view;  physical 
changes  (expansion  or  contraction,  passage  from  solid  to 
liquid  or  gas.  or  vies  versii.  &c.,  &c.)  form  part  of  the  total 
change  the  thermal  value  of  which  is  set  down  in  a  lump 
sum.  The  purely  chemical  part  of  the  change  may  be  ac- 
companied by  disappearance  of  heat,  while  the  complete 
occurrence  may  involve  the  production  of  heat. 

The  following  example  will  serve  to  illustrate  the  use  of 
the  terms  endothermic  and  exothermic. 

Naumann'  shewed  that  no  action  occurs  when  dry  sul- 
phuretted hydrogen  is  passed  into  a  solution  of  iodine  in  dry 
arbon  disulphide,  but  that  as  soon  as  water  is  added,  hy- 
riodic  acid  and  sulphur  are  produced.     The  reaction 
iHjS  +  3la  =  4HI  +  Si 

Ould  be  thermally  represented  as 

[2W»J,3l»]=     4,[//./]-i[I/\S\ 
=  -  24800  -  9200 
=  -  34,000. 
When  water  is  present,  the  reaction 

2H,S     +     2l,    =    4HI     +     S, 

ould  be  thermally  represented  as' 

(2H-SAq.  2l'Aq]=4  [//,  I,  Aq]  -2[//\  8,  Aq] 
=  52,800-  18400 
=  34,400  ■»-. 
The  reaction  of  dry  sulphuretted  hydrogen  with  dry  iodine 
ould  be  markedly  endothermic ;  but  when  this  change  is  made 
'  Oer.  a.  ij7i  anil  AnnalenlSl.  145. 
Nfl  aotici;  is  [nkifn  in  thetc  Ihermil  upretsions  of  Ihe  change.  If  Any,  which 
mp»tiitt  ihc  dccomposilion  of  jIj  and  ihe  [iroJuclion  of  Sj.    See  jvsf,  pats, 
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.erics  the  thermal  value  of  which,  taken  as  a 
,  then  the  complete  cycle  of  change  proceeds  i 
c  more  concentrated  an  aqueous  solution  of 

becomes  the  less  heat  is  there  produced  c 
>(  the  acid,  until  the  specific  gravity  of  tht 
tcr  which  no  more  heat  is  produced  ' ;  the  1 
If  therefore  the  hydriodic  acid  formed 
reaction  is  allowed  to  accumulate  in  the  Ik 
■r  being  added,  a  point  will  be  reached  at  wh 
ic  thermal  changes  is  equal  to  zero;  at  thi 
cal  change  stops,  but  proceeds  again  on  th 

little  water.  It  is  possible  to  obtain  an  i 
f  hydriodic  acid  of  specific  gravity  16^  ',  if 
with  this  liquid  a  little  sulphuretted  hydrog 

produced,  i.e.  the  change 

-S     +    4in  =  :!H,S  +  T, 
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All  the  calculations  rest  on  the  following  deduction  from 
E  theory  of  energy. 

The  total  change  of  energy  which  accompanies  the  passage 
fa  chemical  system  from  a  definite  initial  to  a  definite  final 
independent  of  the  intermediate  states. 

The  total  change  of  energy  is  of  course  measured  by  the 
which  is  produced  or  disappears,  and  the  work  done  by, 
or  on,  the  system  in  its  passage  from  one  state  to  the  other. 
But  for  our  purpose  the  energy  given  out  in  forms  other  than 
that  of  heat  may  be  overlooked,  and  we  may  put  the  stateinent 
in  this  form ;  the  total  thermal  change  during  a  chemical 
process  is  dependent  only  on  the  initial  and  final  states  of  the 
chemical  system'. 

In  applying  this  statement,  it  is  necessary  to  arrange 
series  of  reactions  each  beginning  with  the  same  materials  in 
the  same  conditions  and  ending  with  the  same  products  under 
the  same  conditions  ;  all  the  processes  which  form  one  of  the 
cycles  of  change  must  be  capable  of  calorimetrical  measure- 
ment, and  all  the  processes  in  the  other  cycle,  except  that  one 
the  thermal  value  of  which  is  to  be  determined,  must  also  be 
capable  of  measurement  by  the  calorimeter:  if  this  be  done, 
it  follows  from  the  principle  just  stated  that  the  difference 
between  the  total  thermal  values  of  the  two  cycles  of  changes 
represents  the  thermal  value  of  that  special  portion  of  one  of 
the  cycles  which  it  is  wished  to  determine.  Each  cycle  may 
however  consist  of  various  parts,  so  that  it  is  sometimes  a 
little  difficult  to  unravel  all  the  changes,  and  to  find  that 
portion  of  one  cycle  the  thermal  value  of  which  has  to  be 
.ietermined  by  calculation. 

I  shall  now  give  some  examples  to  shew  how  the  thermal 
-.  alues  of  various  chemical  changes  are  deduced  from  the 
i>-sults  of  experiments. 

A-  It  is  required  to  determine  the  thermal  value  of  the 
.>  nthesis  of  CH,0,  from  C,  H,,  and  O,. 

We  start  with  12  grams  of  carbon,  2  of  hydrogen,  and 
48  of  oxygen  ;    these  combine  to  form   i  S  grams  of  water. 


•  Th*  iruth  ol  tlus. 


provrii  eipericicnully  by  Ilea 
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and  44  grams  of  carbon  dioxide  (C  +  H,  +  O,  =  CO,  +  HjO\ 
But  the  same  quantities  of  carbon,  hydrogen,  and  oxygen 
might  be  (theoretically)  combined  to  form  46  grams  of 
formic  acid  and  16  grams  of  oxygen,  and  the  formic  acid 
could  then  be  oxidised,  by  the  oxygen,  to  form  1 8  grams  of 
water  and  44  grams  of  carbon  dioxide.  Stated  in  formuLx 
these  changes  are 

(i)  C  +  H2+02=CHjO,;        (2)  CH,02+0=«C0a  +  H,0. 

The   following   are   the  thermal   values  of  the   different 
portions  of  these  changes : 

[C,  C72]  =  96,960+  :  [/f^y  6^1=68,360+  :  [CH5502,  0]=  65.900+ 
but  [C,  (72]  +  [//2,  (9]=[C,  H^,  (72]  +  [CH20^  0]==  i65.;,2o+ 

.-.  [C,  H^,  0»]=[0,  6>2]  +  [//2,  0]-[CH'0'-,  0]=  99420+. 

B.  A  rather  more  complicated  example  is  furnished  by 
the  determination  of  the  thermal  values  of  the  actions  ni 
[/^, /?;-],  ('2)  [H,  I];  i.e.  of  the  reactions  whereby  H Br  and 
HI  are  conceived  to  be  formed  from  their  elements. 

(I)  [H,Br\     The  data  are 

[//,  C/,  Aq]  =  39,3oo;  \HBr,  Aq]=  19,900!: 
therefore  assuming  that 

[//,  i^r,  Aq]  =  [//,  aAql 
it  follows  that 

[H,  /?A']  =  39,300-  19,900=  19,400. 

l^ut  is  the  formation  of  an  aqueous  solution  of  HBr  from 
II,  Br,  and  water,  attended  with  the  same  thermal  chanijc 
as  accompanies  the  formation  of  an  aqueous  solution  of  HCl 
from  II,  CI,  and  water  .^  Or,  if  this  assumption  is  not 
justified  by  facts,  what  is  the  difference  between  the  thermal 
values  of  the  two  changes } 

Now,  in  the  first  place,  the  thermal  values  of  the  formation 
(^f  KCl  and  KBr  in  aqueous  solution  are  equal,  i.e. 

[KOHAq,  HClAq]=[KOHAq,  HBrAq]. 
*  When  no  +  or  —  sign  is  given  it  is  to  be  understood  that  heai  is  cvolveil. 
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But  the  replacement  of  Br  by  CI  is  attended  with  production 
of  a  considerable  quantity  of  heal ;  the  data  here  are 
_  [KBrAq,  C/]=ll,5O0. 

^B      Now  if  we  analyse  this  change  we  find  that  the  thermal 
^BXpression  when  expanded  becomes 
B  [K,  a,  Aq]  +  [ Jr,  Aq]  -  [K,  Br,  Aq]=  1 1,500: 

Bat  [Z?r,Aq]  =  5oo: 

^  .:  [K.C/,  As]-[K.ffr,Aq]  =  ri.5oo-5oo=n,ooo. 

That  is  to  say,  the  replacement  of  Br  by  CI  in  aqueous  solu- 
tion is  represented  by  the  thermal  value  1 1 ,000  units,  and  as 
the  heat  of  neutralisation,  in  aqueous  solution,  of  KOH  by 
HCl  is  equal  to  that  of  KOH  by  HBr,  it  follows  that 

[//,  Sr,  Aq]  =  [^.  a,  Aq]-  1  r,ooo  =  28,300  ; 
and  as  [f/Br.  Aq]  =  19.906,  it  follows  that  [//,  Br]  =  8.400. 
(2)     [//,  I].     The  data  are 

[//,  a,Aq]  =  39.3oo;  [>//,  .\q]=  19,200. 
Now 

[KOHAq,  HlAq]  =  [KOHAq,  HClAq]-70: 
also 

[KJAq,  C/]  =  l6,Ioo  (iodine  separating  as  solid); 
.*,  replacement  of  I  by  CI  is  accompanied  by  production 
of  26,200  -  70  =  26,130  units  : 

.'.  [//.I,  Aq]=[^,C/,Aq] -26,130=  13,170; 
and  as  [.tf/,  Aq]=  19,200 

ii  follows  that  [//,  I]  =  13,170-  19,200 

=  -6030. 

The  calculations  of  the  Aeats  of  formation  of  compounds 
^reall  based  on  the  principle  we  are  now  discussing. 

C     Thus,   required    the   heat   of   formation    of   methane 

~  H,).     We  start  with  the  two  systems  ( i )  C  +  4//,  (2)  CH^. 

i^ach  is  completely  oxidised  to  the  same  final  products,  viz. 

6"t?, +  2H,0;   the  difference  between   the  quantities  of  heat 

produced  in  these  two  changes  is  called  the  heat  of  formation 

tCH..     Thus, 
[<^  01=96^00:  3[/r*,0]- 1 36.800:  sum  =  333,70o 
bui  [CW»,  0*1=213,500 
.-.  [0, //'!=  2o,joo. 
I   M.C.  \7 
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is    important   that  a  definite  meaning  sho 

o  the  expression  'heat  of  formation,'  a  fe\ 

are  given. 

equired  the  thermal  value  of  the  reaction  [H 

the  reaction  whereby  HCN  may  be  conceive 

im  its  elements. 

[0,  0-l  =  9f..9oo:  l[/^,  0]=34,2«>:  sum=     131,10 

>lc]                                       bui[CNH,  !01=     IS9,SC 

cquircd  the  thermal  value  of  the  reaction  [N 

the  reaction 

C+iAjDrraA^j+CO,  when  expanded  the 
[C,  2A''O]=[0,  0*]-2[A",  0]=133,90o: 

but    C  +  2/V„+f),=  C0(+2A', 

i.e.  IC,;.V^0^=[0,  0^=96.900: 
.-.  :![jV',  0]=-37,ooo 
-■■     [-V,  .']=-, S,50o. 
rqiiireJ  Uil'  thermal  vahie  of  tlie  reaLtion  [.^' 
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{i)  Gaitoui;  data, 

[CW»t>,  0*1  =  j66,oqo;  and  2  [H '.  0]=  117^00: 

.:  [C*+//*+t)-CWO]=  45,200, 

H.     If  the  products  of  a  reaction   are  gaseous  and  are 

taintained  at  a  high  temperature,  it  becomes  necessary  to 

introduce   corrections   for   the   specific  heats,  and    heats   of 

vaporisation,  of  these  products,  into  the  calculation  of  the 

Icrmal  value  of  the  reaction. 
Thus,  required  the  thermal  value  of  the  reaction  [CfP,  t)°] 
Data,                      C,f/^+sO=2COj+N^O 
ordinary  temperatures  (20°) 
[C'//',  0»]=2[C,  Cfi]  +  [^',  0]-[0=.  //']=3io.6oo: 
t  ihermal  capacity  of  2  gram-molecules  of  COg  for  tern- 
—-"'       -'-'■ 


thermal  capacity  of 
I  gram-molecule ' 
of  H,0 


(<i)  imol.liquidHjOio'— ioo"=i8x8o=  1440 
{&)  beat  of  vaporisation  of  do.  at  100' 

=  i8xsj6'S  =  9657 

(f)  ihermal  capacity  of  1  mol.  steam 

ioo°— iso°-=ia'<so'<o'48o5  ■=     432 


toea/=i4oii  ur 
=  296,589  {say  296,600) 


k.-.  [CW,  0']  al  I5o°=3io,6oo- 14,011  = 
gram-units'. 
From  these  examples  we  may  provisionally  conclude 
it  a  chemical  change  which  is  accompanied  by  a  con- 
erable  loss  of  energy  to  the  changing  system,  as  indi- 
ed  by  the  production  of  a  considerable  quantity  of  heat, 
I  generally  occur  unless  prevented  by  actions  outside  the 
«y5tem. 

The  following  processes  may  be  taken  as  illustrative  of 
this  somewhat  vague  generalisation. 

The   acids  of  the  acetic  series  readily  yield  chloro-   or 
©nio-derivatives  by  the  direct  action  on  them  of  chlorine  or 
,  iodine  however  does  not   react  under  similar  con- 
Ions  to  form  iodo-acids.     The  thermal  values  of  the  reac- 
s  of  the  three  halogens  with  acetic  acid  are  as  follows ; — 
n  Ainher  exoiDple*  uf  calcuLttiotu  of  the  thcinial  values  of  clicmicd  dianges. 
■  JX^  ElfwUHli  .•/  rittmal  Chemistry.  |iar.  60. 
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I X^  CI  =     30,000  units. 
Q^Yifi^^-X^^Q^^O^^HX  hc^Br^       4,800    „    . 

\x=\    =  - 18,000    „    . 

The  reverse  action  in  the  case  of  iodine,  viz. 

CjHsIGs+^/^CjH^G.+I, 

is  represented  thermally  thus, 

[C«Hsi02,^/]= 18,000. 

This  action  occurs  provided  a  concentrated  aqueous  solu- 
tion of  hydriodic  acid  is  employed. 

Now  2///=/^,+I„ 

=  -2[//,/] 

=  12,400. 
But  [2/^/,  Aq] = 38,000 : 

hence  it  follows  that  in  the  decomposition  of  2HI  into  H^^\ 
in  dilute  solution  38,000—  12,400  =  25,600  units  of  heat  would 
disappear. 

These  thermal  numbers  shew  that  the  process  which 
is  accompanied  by  a  large  loss  of  energy  occurs,  whereas 
that  which  would  involve  gain  of  energy  to  the  system  does 
not  occur. 

But  why  does  a  concentrated  aqueous  solution  of  hydriodic 
acid  act  as  an  energetic  reducing  agent }  We  have  already 
learned  (p.  254)  that  little  or  no  heat  is  produced  during 
the  absorption  and  solution  of  gaseous  hydriodic  acid  by  a 
solution  of  that  gas  containing  about  20 — 25  per  cent  of  HI ; 
hence  a  concentrated  solution  of  this  compound  contains 
a  considerable  quantity  of  HI,  as  distinguished  from  HIAq. 
But  the  numbers  given  above  shew  that  HI  contains  much 
more  energy  than  HIAq;  hence  a  concentrated  aqueous 
solution  of  hydriodic  acid  is  much  more  energetic  than  a 
dilute  solution  of  the  same  compound*. 

The  following  tables"  contain  thermal  data  for  discussing 
the  action  of  sulphuretted  hydrogen  as  a  reagent  for  precipi- 
tating certain  metals  from  acid  solutions,  and  other  metals 
only  from  neutral  or  alkaline  solutions. 

^  See  Naumann,  TkermochimU^  495  and  501. 
*  See  Naomaim,  iSpr.  Hi*  505— 9 19* 
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Rtaction 
[Base  iHOAq, 
H'SAq] 
[Base  Aq, 
iHClAq] 


CdO  PbO  CuO  HgO  Tl,0  CujO  Ag^O 
(i)  17,300  29,200  3',7oo  45.300  38,500  38,500  S8,soo 
(2)  20,300  15,400  15,300  19,000  37,500  14,700  42,600 


Reaction 
LBaBC  H'>S] 
[Base,  2//C/]  (2)  S5,< 


=  +  7,000  13,800  16,400  26,300 

11,000  23,800 

S.900 

Table  11. 

Base 

CdO       PbO      CuO       HgO 

TljO      CujO 

Ag.O 

32,100   34,000    36,500    50.000 
S5,ooo    50,000    50,000    53,500 

43,300   43,300 
62,200   49.300 

63.300 
77,200 

22,900    16,000    13,500     3,500 

18,900     6,000 

13,900 

Table  III. 

Bast 

I  Reaction 

«2HClAt), 
,   H«SAq]        : 

faHClAq]' 


MnO.HjO  FeO.HjO  NiO.HjO  CoO.HiO  ZnO.H,0 
(1)     10,700        14,600        18,600        17,400        18,600 


(2)     23,000 


20,300 


6,800 


4,000  3,700  I, 

f  these  data,  take  the 


(l)-(2)=-l2,300 

To  illustrate  the  application  c 
\  cadmium. 

(1)  [CdOiHClAq,  H^SAq]  =  27,30o: 

b  the  thermal  change  which  occurs  when  aqueous  H,S  reacts 
\  a  dilute  solution  of  CdO  in  HCl  is  represented  by  the 
duction  of  27,300  units. 

(2)  [CdOAq.  2HClAq]  =  30,300: 

!,  the  thermal  change  which  would  occur  if  CdO  in  aqueous 
Bution  were  neutralised  by  a  dilute  solution  of  HCl  would 
I  represented  by  the  production  of  20,300  units.  The  former 
[Dber  exceeds  the  latter  by  7,000,  -■-  the  action  of  H,S,  in 
[tition,  on  CdO,  in  dilute  HCl  solution,  is  accompanied  by 
I  production  of  7,000  units  of  heat;  this  action  readily 
But 

[OdO,//^5-]  =  32,ioo;  and  [OdO,  2//L7]  =  55,000: 

E  the  formation  of  CdS,  by  the  action  of  gaseous  H,S  on  solid 

pO,  is  accompanied   by  the  production  of  22,900  units  ot 
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heat  less  than  attends  the  action  of  gaseous  HCl  on  CdO; 
now  solid  CdS  is  decomposed  by  gaseous  HCl  with  formation 
of  CdCl,. 

Moreover  the  numbers 

\2.HCly  Aq]= 34,600;  whereas  \H^S^  Aq]= 4,800 

shew,  that  gaseous  hydrochloric  acid  possesses  an  excess  of 
energy  measured  by  about  34,000  thermal  units  above  what 
it  possesses  when  in  dilute  solution,  whereas  the  excess  of 
energy  of  an  equivalent  mass  of  gaseous  H,S  above  that 
possessed  by  H,SAq  is  measured  by  about  5000  thermal 
units.  But  the  more  concentrated  an  aqueous  solution  of 
hydrochloric  acid,  the  less  is  the  quantity  of  heat  produced 
by  adding  hydrochloric  acid  gas  to  that  solution  ;  in  other 
words,  a  concentrated  aqueous  solution  of  this  acid  is  nearly 
as  energetic  a  reagent,  provided  it  is  used  in  sufficient 
quantity,  as  gaseous  hydrochloric  acid.  Hence  we  should 
conclude,  and  our  conclusion  is  verified  by  experiment, 
that  cadmium  sulphide  will  be  decomposed  by  concentrated 
aqueous  hydrochloric  acid. 

The  case  of  antimony  is  especially  interesting. 

Antimony  sulphide  is  decomposed  by  aqueous  hydrochlo- 
ric acid  of  greater  concentration  than  HC1.6HjO;  but  if  more 
water  than  this  is  present,  antimony  chloride  is  decomposed 
by  sulphuretted  hydrogen.     Hence  the  two  reactions 

I'  Sb..S3  +  6HCI  =  2SbCl3+3HoS) 

l2SbCl3  +  3H,S  =  Sb,S3+6HCI  }  -'- '^'"-^ >*-'«' 

may  occur  until  a  state  of  equilibrium  is  established,  which 
is  c(MKlitioncd  by  the  relative  energies  of  the  components, 
and  this  again  is  conditioned  by  the  relative  masses  of  these 
components,  tcm{)crature  being  constant  throughout. 
J2  \\  e  have  been  accustomed  to  regard  most  processes  of 
chemical  change  as  consisting  of  two  parts,  (1)  decomposition 
of  the  molecules  forming  the  initial  system,  (2)  rearrangement 
of  the  atoms  thus  produced  to  form  the  new  molecules  which 
compose  the  final  system.  The  first  part  of  a  change,  as 
thus  regarded,  must  be  accompanied  by  gain  of  energy  to 
the  entire  system,  and  the  latter  part  by  loss  of  energy.  The 
gain   may  exceed  the  loss,  or  vice  versa;  the  process  as  a 
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whole  may  be  endothcrmic  or  exothermic.  In  the  preceding 
paragraphs  of  this  section  no  attempt  has  been  made  to 
separate  the  thermal  values  of  these  two  parts  of  any  change; 
lite  numbers  given  in  these  paragraphs  represent  the  algebraic 
sums  of  two  or  more  quantities.  In  some  cases  the  chemical 
changes  are  represented  in  formula:  which  are  undoubtedly 
molecular,  but  in  most  cases  we  have  dealt  with  solid  or 
liquid  substances,  and  the  thermal  values  assigned  to  the 
various  changes  must  therefore  generally  be  regarded  as  only 
measuring  the  quantities  of  heat  produced  or  used  during 
the  reactions,  as  defined  in  the  equations,  between  those 
masses  of  the  various  chemical  substances  which  are  ex- 
pressed by  their  formuLx  when  read  in  grams. 

But  if  relative  measurements  of  the  gains  of -energy  which 
accompany  the  formation  of  atomic,  from  molecular,  systems, 
could  be  obtained,  much  light  would  certainly  be  thrown  on 
many  questions  which  have  been  discussed  or  alluded  to  in 
preceding  chapters. 

Thomsen'  has  attempted  to  calculate  the  quantity  of  heat 
required  to  separate  the  molecule  of  carbon,  assumed  to  be  di- 
atomic, into  atoms ;  his  results  and  methods  cannot  be  accepted 
as  conclusive'.  The  '  heat  of  dissociation  '  of  a  carbon  atom  is 
supposed  by  Thomsen  to  be  equal  to  about  37,000  gram-units. 

E.  Wiedemann'  has  measured  the  heat  required  to  change 
the  'band  spectrum"  of  hydrogen  into  the  'line  spectrum'; 
and.  on  the  assumption  that  the  'line  spectrum'  is  associated 
with  vibrations  of  atoms  and  the  'band  spectrum'  with 
vibrations  of  molecules,  he  has  calculated  that  about  128,000 
gram-units  of  heat  are  required  in  order  to  separate  1  gram- 
molecule  of  hydrogen  into  its  constituent  atoms;  and  that 
a  greater  quantity  of  heat  than  this  is  required  in  the  case  of 
the  molecule  of  nitrogen, 

Thomsen  and  Wiedemann  have  shewn  that  more  energy 

almost    certainly   associated   with   a   mass   of   hydrogen. 


^M   at 

t 


»  &r.  IS.  13)1  lad  lj88.    A'.  IS-  ,118,    Sec  also  77 

See  TktEiemetasefJ'hermatChrmiiiry, 'pain.  7j— 
tyU,  Ahm.  B.  500,  anii  do.  IS.  $09. 
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nitrogen,  or  gaseous  carbon,  when  the  greater  part  of  the 
matter  is  in  the  state  of  atoms  than  when  in  the  state  ol 
molecules ;  in  other  words,  their  investigations  furnish  physi- 
cal evidence  in  favour  of  the  generally  adopted  explanation 

of  nascent  actions. 

124        Some  of  the  reactions  of  metals  with  acids  were  considered 

in  Chap.  II    pars.  43  to  44.     Thermal  measurements  help  t( 

elucidate  these  actions. 

If  the  heats  of  formation  in  aqueous  solution  of  the  sul- 
phates of  silver,  thallium,  copper,  cadmium,  mercury,  nickel. 
cobalt,  iron,  manganese,  and  zinc,  are  compared  with  the 
heat  of  formation  of  sulphuric  acid  in  aijueous  solution,  it 
found  that  the  former  values  are  greater  than  the  latter  except 
in  the  cases  of  copper  and  silver :  i.e.  for  the  heavy  metals 

[M(or  M"},  C,  Sty,  Aq]  >  \m,  0=,  SO>,  Aq], 
except  when  M  =  Cu  or  Mj=Ag,;  hence  we  might  exp«l 
the  heavy  metals,  except  copper  and  silver,  to  decompose 
dilute  sulphuric  acid  with  evolution  of  hydrogen. 

When    M,  =  T1,  the   positive  value   of  the  difference 
question  is  not  large  (1,900  units);   the  action  between  this 
metal  and   dilute  sulphuric  acid   does  not    proceed   rapidly. 
But  when  the  acid  is  concentrated  action  is  more  energetic, 
now  inasmuch  as  the  heat  of  solution  of  H,SO,  is  large 

[H'SO',Aq]=i7/3oo 
it  follows  that  a  given  mass  of  concentrated  sulphuric 
acid  contains  considerably  more  enei^y  than  the  same 
mass  of  dilute  acid,  and  hence  the  concentrated  acid  will 
probably  be  less  chemically  stable  than  the  dilute.  The 
reaction  of  thallium  with  the  concentrated  acid  results  in 
the  production  of  some  sulphur  dioxide.  Now  the  changt 
H,SO,-t  H,  =  SO,+ 3H,0  (assuming  that  this  expresses  the 
origin  of  the  sulphur  dioxide)  is  accompanied  by  the  pro- 
duction of  14,900  units  of  heat,  This  change  is  represented 
thermally  til  us, 

=  21^",  a\-\$0^.  OK//']. 
If  the  temperature  is  raised  the  acid  becomes  more  con- 
centrated, and  at  a  certain  stage  sulphuretted    hydrogen  B 
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plvcd.     This  action  is  thermally  probable,  because 

iH,SO,+  H5=iH,S  +  H3O 
pen  expanded  thermally,  is 

=  23,700  units. 
L  similar  treatment  of  the  action  of  copper  on  sulphuric 
,  shews  that  this  metal  would  probably  not  decompose 
:  acid  when  dilute,  but  that  the  metal  might  be  expected 
to  react  slowly  with  concentrated  acid,  provided  one  of  the 
products  were  sulphur  dioxide ;  because 

tCu  +  >.H,SO,  =  CuSO,  +  SO,+2H,0+(«-2)HjS04 
n  expanded  thermally,  is 
[On,  2H»SO»]=[0a,  SO*,  0*]+2[//^  0]-a[/f>,  O^SCf] 
=4,500  units. 
The  quantity  of  heat  set  free  in  this  action  will  in  reality 
considerably  exceed  5000  units,  because  heat  will  be  produced 
by  the  action  between  the  sulphuric  acid  and  the  water  formed 
in  the  change ;  the  amount  of  heat  thus  liberated  may  amount 
to  as  much  as  8,000  or  9,000  units  per  gram-molecule  of  water. 
^H     The  fact  that  the  mutual   action   of  sulphuric  acid  and 
^^Ktcr  is  accompanied  by  the  production  of  much  heat  compli- 
^^Kes  such  calculations  as  those  given  above.     The  relations 
^^■tween  the  masses  of  H,SO,  and   H,0  employed  will  ccr- 
^^■nly  condition   the  direction  and  progress  of  the  change. 
^^P^irting  with  the  system  H,SO, +  ^H,0 +a-H,,  for  a  certain 
I    roncentration  of  acid  the  final  configuration  will  be  SO,  and 
H,0,  for  another  concentration  of  acid  it  will  rather  be  H,S 
and    H,0.  or  SO,.  H,S,  and   H,0.     The  action  will  also  of 
course  be  conditioned  by  temperature. 

If  the  foregoing  considerations  are  correct,  it  follows  that 
any  metal  which  reacts  with  dilute  sulphuric  acid  with  evolu- 
tion of  hydrogen,  might  fairly  be  expected  to  react  with  the 
same  acid  to  produce  sulphuretted  hydrogen  or  sulphur 
dioxide  under  certain  conditions  of  temperature  and  con- 
centration; zinc  and  tin  certainly  do  produce  both  of  these 
gases  by  their  action  on  hot  concentrated  sulphuric  acid'. 

f  See  p.  ioj.  The  mbiect  of  the  ieacuon»  uf  roetali  with  acuU  U  irenicil  Truni 
tl  slondpaint  in  pari.  110 — 1 11  uf  7'ii  EIuhoiIi  of  Thermal  Chtniiil'y. 
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125  From  what  we  have  learned  regarding  atomic  and  mole- 
cular systems,  and  from  a  consideration  of  the  preceding 
paragraphs  of  this  section,  it  follows  almost  necessarily  that 
the  change  from  one  allotropic  modification  of  an  element  to 
another  must  be  attended  by  production  or  disappearance  of 
heat.  A  few  thermal  measurements  are  given  here  to  shew- 
that  this  conclusion  is  fully  justified  by  facts. 

A,  [P*,  0*]= 369, ICO  units  when  Pj  is  62  grams  of  ordinary 

phosphorus  (Pa}; 
[P^,  0^3=326,800  units  when  P,  is  62  grams  of  amorphous 

phosphorus  (Pfi  ; 

.*.  the  change  of  P«  to  P^  =  21,150  units  of  heat. 

In  the  oxidation  of  31  grams  Pa  to  H3PO4  in  aqueous  solution  by  hypo- 
chlorous  acid,  209,500  thermal  units  are  produced ; 

in  the  oxidation  of  31  grams  Ps  to  H3PO4  in  aqueous  solution  by  hN-po- 
chlorous  acid,  181,200  thermal  units  are  produced; 

.*.  the  change  of  P«  to  P^  =  28,300  units  of  heat. 

Hence  mean  value  of  this  change  =  24,725  gram-units. 

B,  [20s=^  3<^-]=59»20o  units  of  heat ;  that  is  to  say 

the  separation  of  2  gram-molecules  of  ozone  (O,)  into  3  gram- molecules 
of  oxygen  (Oj)  is  attended  by  the  production  of  59,200  units  of  heat. 

The  comparative  thermal  instability  of  the  molecule  O3 
helps  us  to  understand  why  ozone  is  so  much  more  active  as 
an  oxidising  agent  than  ordinary  oxygen*. 

126  ^^^  little  has  as  yet  been  done  to  allow  of  the  application 
of  thermal  measurements  to  the  classification  of  the  elements 

.    in  any  but  a  very  general  way. 

The  relations  existing  between  the  members  of  a  group  of 
elements  are  sometimes  summarised  in  the  thermal  values  of 
comparable  reactions  undergone  by  these  elements.  Thus, 
(sec  table  p.  225)  taking  Mendelejeff's  Group  11.  we  have, 
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*  According  to  van  der  Meulen  {Ber,  16.   1853)  ^^^  thermal  value  of  the 
change  in  questionf  aO|»30gt  i^  aboui  G^,qqo  uii\v«. 
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The  heats  of  formation  in  aqueous  solution  of  the  haloid 
salts  of  these  metals  are  arranged  in  the  following  table  (data 
from  N'aumann's  book): 

[M.  C/".  AqJ  [M,  Br^.  Aq]  [M,  P,  Aq] 

Ca  187,600  165,800  i35i3oo 

Sr  195,700  173,800  143,400 

Ba  196,300  ■7't>4(»  144,000 


Mb 


Cd 


186,900 

ll2,SOO 

96,300 


65,000 

134,600 

90,900 

60,500 

74,400 

44,000 

Hg  59.900  }  ? 

Hence  we  conclude  that  in  each  case  tlie  value  for 
Ba  >  Sr  >  Ca  >  Mg,  and  for  Mg  >  Zn  >  Cd  >  Hg.  In  other 
words  the  thermal  value  of  the  change  [M.  -V.  Aq]  increases 
I  -  the  atomic  weight  of  M  increases,  when  M  is  a  member  of 
Lii  even  scries  belonging  to  Group  ll.  but'  decreases  as  the 
-,'imic  weight  of  M  increases,  when  M  is  a  member  of  an  odd 
.  ries  of  the  same  group.  The  difference  between  the  values 
t"  [M,  X',  Aq]  for  each  pair  of  elements  is  nearly  constant. 
1  hus 


.*r=ci 


Sr  -Ca=  8,1 
Ca  -  Mg=      ; 


600 


jr=Br 
600 


.V=I 

600 


700 


Mg-Zn  =74,100  74,100  74,100 

Zn-Cd  =  16,500  16,500  16,500 

Cd-Hg=36r4oo  ?  ? 

The  close  relationship  of  magnesium  to  calcium,  and  also 

its  relations  to  barium  and  strontium,  and  the  comparatively 

feebly  marked  relations  existing  between  magnesium,  zinc, 

cadmium,  and  mercury,  are  brought  into  forcible  relief  by 

these  numbers'. 

L27       The  comparative  study  of  classes  of  compounds,  no  less 

than  that  of  classes  of  elements,  has  already  been  considerably 

'  Altealion  hu  already  been  drawn  lo  the  Tact  ihal  there  txha  a  wv ll-maikcd 
.  "ineiion  of  «  periodic  chuactet  htWietn  rlie  alomic  weights  at  ihe  elerocnlB 
D  with  chlorine,  bramlne,  utd  iodine.    ^^Sce  anU. 
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by  the  application  of  thermal  methods.     Thus,  a 
some  of  the  thermal  relations  of  the  hydracids  and 
of  the  halogens  helps  towards  a  classification  of  the 
up  of  acids. 

dose   thermal   analogy   between    the    hydracids  ia 
is  exhibited  by  these,  among  other,  numbers ; 
[NX,  Aq]                              [HXAq,  NaOHAq] 
A'=C/  =  17400                          X  =  C1 -13,700 
X=Ilr=  19,900                          X=Br=  13,700 
X=l    =19,200                         X  =  I    =13,700. 
wc  compare  the  heats  of  formation  of  these  acids 
IS  solution,  we  find  that  the  value  of  this  constant 
acid  decreases  as  the  atomic  weight  of  the  halt^cn 
:  thus 

[//,  X,  Aq] 
.V=  a  =  39,300 
A-=/.V=rS.4oo 
-V=I    =,3,;co. 
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Hence  it  is  evident  that  iodic  add  differs  in  the  most 
marked  manner  from  bromic  and  chloric  acids.  This  difference 
is  accentuated  in  the  numbers  expressing  the  heats  of  forma- 
tion of  these  three  acids  from  the  three  hydracids :  thus, 

[HXAq,  CP] 
L  X=C1= -15,400, 

^1  X=Br=- 15,900. 

^"  X=I    =+42.600. 

But  it  is  to  be  remembered  that  gaseous  chlorine  and 
bromine  and  solid  iodine  are  employed  in  the  calculations', 
IS  A  comparison  of  the  mutual  thermal  actions  of  acids  and 
bases  throws  considerable  light  on  the  classification  of  the 
substances  which  are  included  under  these  terms.  The  first 
volume  of  Thomsen's  Untcrsuchiingen  is  devoted  to  a  con- 
sideration of  this  subject. 

'  Heat  of  neutralisation  of  an  acid  by  a  base '  is  defined  as, 
thtf  quantity  of  heat  produced  on  mixing  equivalent  quantities, 
in  grams,  of  the  acid  and  base,  in  dilute  aqueous  solutions, 
the  products  of  the  action  being  also  soluble  in  water. 

Thomsen  employs  a  solution  of  3NaOH  in  about  200  H^O 
'grams',  and  adds  the  acid  solution  diluted  to  a  similar  degree, 
temperature  being  18° — 19°;  in  other  words  he  determines  the 
thermal  value  of  the  change 

[2NaOHAq,  3HXAq]in  ihe  case  of  a  monobasic  add, 
[iNaOHAq,  H^XAq]  „  dibask 

t2NaOHAq,  jH^XAq]  „  tribasic  „ 

[sNaOHAq,  iH'XAq]  „  leirabasic      „ 

(X  =  acid  radicle) 

Most  of  the  general  conclusions  drawn  by  Thomsen,  and 
iicTs,  belong  more  to  chemical  kinetics  than  to  statics,  but 

e  of  the  generalisations  may  fitly  be  introduced  here'. 

The  commoner  acids  may  be  broadly  divided  into  four 
■oups  according  to  the  values  of  their  heats  of  neutralisation, 
I  thus  defined. 

>  The  api)li(^'ion  0^  Ihemal  dau  to  ihe  cIisdficBtiaa  of  eicmenU  and  com- 
»  consider^  more  fully  in  s«lion  4  of  Chap.  HI.  of  Tht  Element!  of 
mtl  Ckentiitty. 
'  Sc«  opteialljr  (bi  more  details  Thonisen,  In(.  HI.  1.  jyj— jog,  anrt  ^i\— ^ij. 


of  soda  with  one  grara-molecule  of  acid.  Thus,  comparing 
oxalic  with  sulphurous  add.  we  find  the  difference  between 
the  quantities  of  heat  produced  during  the  action  of  the  first 
and  second  molecules  of  soda,  in  the  case  of  oxalic  acid  to 
be  600,  and  in  that  of  sulphurous  acid  to  be  2750:  the  data 


l«C»0*Aq,      NaOHAq]=i3,840x 
INaCK)«Aq,  NaOHAq]= 


600;  3750 


--[H'SO'Aq,      NaOHAq]=  15,850 
v[HNaSO=Aq,  NaOHAq]=  13,100. 


Thomsen'  divides  the  dibasic  acids  which  he  has  examined 
into  three  groups: — 

I.  Those  in  the  neutralisation  of  which  each  molecule 
of  soda  has  the  same  thermal  value:  this  group  is  at  present 
represented  by  H,SiF„  and  H.PtCi,'. 

II.  Those  in  the  neutralisation  of  which  the  first  mole- 
cule of  soda  has  a  smaller  thermal  value  than  the  second. 
the  difference  between  the  two  values  varying  from  450  to 
1900  units:  this  group  contains  the  acids  H,SOj,  H,SeOj, 
H,C,0.,and  H,,C.H.O,. 

III.  Those  in  the  neutralisation  of  which  the  first  mole- 
cule of  soda  has  a  larger  thermal  value  than  the  second,  the 
difference  between  the  two  values  varying  from  1850  to  2750 
units:  the  acids  in  this  group  are  H,SO,,  H,SeO„  H,CO,,  and 
ii.B.O,;  H,CrO„  H.PHO,,  and  C,H.(CO,H),  also  probably 
belong  to  this  group,  although  the  differences  between  the 
thermal  values  of  the  first  and  second  molecule  of  soda  are 
-[;ialler  in  the  case  of  these  acids  than  of  those  already 
jnuntioned. 

Thomsen  suggests  (l.  pp.  304-5)  that  the  foregoing  class!- 
t^cation  of  dibasic  and  tribasic  acids  may  be  summarised  in 
these  typical  formula: — 

Dibasic  Acids. 
Acid  of  Group  I.         Typical  formula  RHj  e.g.  SiF,.  H, ; 

n.  „  R(OH),     eg.  SO,(OH),; 

,.  HI.  „  R(OH  H  e.g.  SO,(OH)H. 

I  teems  doobifui  wb«her  ihc  imrabers  oblnincd  by  Thomsen  reilljf 
t  ilw  nentrolisalioD  of  this  iciil.    See  TkcrmoclttitutcMt  Ciffiffiangrn, 
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Tri basic  Acids. 

Acid  of  Group  II.       Typical  formula  R{OH>,    e.g.  C,HiO^(0H),; 

IH.  „  HR(OH)H  eg.  HPO^OH)H. 

The    'heat   of  neutralisation   of  a   base'   is   defined   by 

Thomsen'  to  be  the  thermal  value  of  the  change  which  occur( 

when  equivalent  quantities  of  base  and  acid  react  in  dilute 

aqueous  solution,  the  products  of  the  action  being  also  soluble 

in  water,    A  dilute  solution  of  one  gram-molecute  of  sulphuric 

acid   (i.e.  the  amount  of  acid,  in  grams,  expressed  by  the 

formula  H,SO,)  is  employed;  temperature  being  18° — \i^. 

In  other  words,  Thomsen  measures  the  thermal  values  ol 
the  following  reactions: — 
[H'SO'Aq,  zMOHAq      or  sNX'Aq}  in  the  case  of  a  mono-acid  base,  " 
[H'SO'Aq,  M(OH)»Aq    or    N>X»Aq]  „  di-acid 

[H'SO'Aq,  ifM{OH)'Aq  or  iiN"X"Aq]  „  tri-acid 

[H'SO'Aq,  4M(0H)*Aq  or  JN*XMAq]  „  ictracid    . 

{X  =  H,  or  a  radicle  CH^^,) 
The  bases  which  are  soluble  in  water  may  be  divided  in» 
two  thermal  groups  t — 

I,  The  group  of  the  hydrates  or  hydroxides,  represented 
by  NaOH  and  KOH. 

II.  The  group  of  the  anhydrous  bases,  represented  by 
NH,. 

The  first  group  comprises  LiOH.  NaOH,  KOH,  and 
TIOH;  CaCOH),.  Sr(OH),.  and  Ba(OH),;  NCCHJ.OH, 
(C,H^).S.OH.  and  Pt  (NH,\(OH),:  the  mean  value  of  the 
change  [H'SCAq,  2M0HAq  (or  M(OH)'Aq)]  is  equal  to 
31,350  units,  when  M(OH)  or  M(OH),  is  one  of  the  bases  of 
this  group. 

The  second  group  comprises  NH,  and  the  amines  of tlie 
form  NH,(C,H^^,)  and  NH(C.H„^,),:  the  mean  valued 
the  change  [H'SO'Aq,  2NX*Aq]  is  equal  to  28,200.  \rtW' 
NX'  is  one  of  the  bases  of  this  group. 

Substitution  of  negative  radicles  for  H  in  NH,  causes  a  cos- 
siderable  decrease  in  the  heat  of  neutralisation  of  the  base;  t 
[3NH'(CH'')Aq,  H»SO<AqJ=  15,500, 
[jNHUCCHOAq,  H'SO'Aq]  =15,200; 
[jNH'OHAq.  H'SO'Aq]      =2i,6c» 
'  S«  especially /i>f.  CI/.  l.<;i — 449. 
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When  CO  is  substituted   for  H,   in    2NH,,   the  heat  of 
oeutralisation  of  the  product  [(NH,),CO]  is  almost  nil. 

Measurements  of  the  quantities  of  heat  produced  during 
the  reactions  of  acids  with  those  bases  which  are  insoluble  in 
water  shew  great  irregularities.  The  true  heats  of  neutrali- 
sation of  these  bases  cannot  be  determined.  But  from  the 
analogies  between  the  hydrates  of  barium,  strontium,  and 
calcium,  and  those  of  magnesium,  zinc,  and  manganese', 
Thomsen  concludes  that  the  heats  of  neutralisation  of  the 
bases  of  the  magnesian  class  are  equal  to  those  of  the  bases 
of  the  akaline  earth  metals;  but  as  the  heats  of  neutralisation 
of  the  latter  and  of  the  alkalis  are  equal,  Thomsen  argues 
that  the  mean  value  of  the  heat  of  neutralisation  of  M(OH)j, 
when  M  =  Mg,  Mn,  Ni,  Co,  Fe.  Cd,  Zn,  or  Cu,  is  31.350  units. 
From  what  has  been  said  regarding  the  classification  of 
acids  in  accordance  with  their  Iieats  of  neutralisation",  it 
will  be  apparent  that  if  2HClAq  is  substituted  for  H,SO,Aq 
in  the  preceding  reactions,  the  mean  heats  of  neutralisation  of 
the  two  groups  of  bases  will  be  represented  by  numbers 
smaller  than  31,350  and  28,200  respectively. 

The  identity  of  tlie  numbers  expressing  the  heats  of 
neutralisation  of  bases  of  such  different  composition  as  KOH 
and  Pt(NH,),(OH),  points  to  the  possibility  of  connecting 
similar  changes  of  energy  with  similarity  of  chemical  type, 
maintained  through  series  of  more  or  less  unlike  individuals. 
The  heats  of  neutralisation  of  the  bases  MX,  also  point 
to  the  existence  of  a  relation  between  change  of  cnergj*  and 
composition ;  but  the  influence  of  the  structure  of  the  indi- 
vidual substance  is  shewn  in  the  small  values  obtained  for 
NH,(C.HJ  and  NH,(C.H;),  in  which,  although  the  chemical 
type  is  maintained,  tlie  typical  thermal  value  is  widely  de- 
;  ■,-trted  from. 

The  quantity  of  heat  produced  in  the  reaction  [jMOHAq, 
i  i  XAq]  when  M  =  K,  Na,  &c,  is  nearly  constant,  whether 
-X  =  C1.  Br.  or  I;  but  the  value  of  the  reaction  [PbO.H,0, 
^iXAq],  or  [T1,0.H,0.  HXAq]  &c.  differs  very  considerably 
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according  as  X  =  CI,  Br,  or  I.  In  the  reaction  with  PbO.H,( 
the  thermal  value  is  greatest  for  HIAq,  and  least  for  HClAcj 
Now  in  the  reactions  just  mentioned,  haloid  salts  are  produced 
which  are  only  slightly  soluble:  if  the  heats  of  solution  < 
these  salts  are  added  to  the  values  of  the  apparent  heats  o 
neutralisation  of  the  bases,  it  is  found  that  the  true  heats  o 
neutralisation  of  PbO.H,0.  T1,0.H,0  &c.  are  represented  by 
the  same  number,  whether  HClAq,  HBrAq.  or  HIAq  is  the 
acid  employed.  If  it  is  granted  that  the  true  heats  ' 
neutralisation  of  these  acids  are  the  same  for  other  bases 
which  form  insoluble  haloid  salts,  it  becomes  possible  I 
calculate  the  heats  of  solution  of  these  salts.  Thomsca 
has  done  this  for  PbCl,,  PbBr,,  Pbl,,  AgCI.  &c.,  and.  carr>-iiiff 
out  the  same  method,  he  has  even  given  a  value  for  the  heat 
of  solution  of  barium  sulphate. 

Thomsen's  investigation  of  the  heats  of  neutralisation  ri 
acids  and  bases  serves  to  shew  the  complexity  of  many  o 
the  reactions  to  which  thermal  values  are  assigned,  and  abft 
the  necessity  of  making  all  the  conditions  of  the  changes  n 
wish  to  study  as  exactly  comparable  as  possible.  At  tiiC' 
same  time  it  illustrates  one  of  the  dangers  which  beset  the 
employment  of  thermal  methods  in  chemistry,  the  danger 
namely  of  theorising  regarding  chemical  changes  which  do  not 
occur,  and  of  speculating  about  chemical  compounds  whid 
have  no  existence'. 
9  The  primary  aim  of  thermal  chemistry  was  stated  i 
par.  117  to  be  the  measurement  of  the  differences  betweoi 
the  quantities  of  energy  possessed  by  chemical  systems  whe 
in  certain  definite  initial  and  final  states;  the  basis  of  tl 
measurements  being  the  deduction  from  the  general  thwr 
of  enei^  which  states,  that  the  total  loss  of  energy  dinwf 
the  passage  of  a  chemical  system  from  a  definite  initial  I* 
a  definite  final  state  is  independent  of  the  in 
states. 

The  application  of  this  generalisation  was  illustrated  I 
par.  120;  but  we  may  now  examine  a  little  more  closelyll 


connexion  between  thermal  and  materia!  change; 
in  the  same  chemical  system. 
30  When  heat  is  imparted  to  a  gaseous  system  of  chemical 
substances,  a  portion  may  be  employed  in  increasing  the 
kinetic  energy  of  the  molecules,  i.e.  in  raising  the  temperature 
of  the  system;  another  portion  maybe  employed  in  doing 
work  against  external  forces,  e.g.  in  causing  expansion  of  the 
system;  and  another  portion  may  do  work  against  molecular 
and  atomic  forces,  and  so  produce  a  rearrangement  of  mole- 
cules, or  atoms,  i.e.  may  cause  chemical  changes  to  proceed 
within  the  system.  The  exact  manner  of  the  distribution  of 
the  energy  imparted  in  the  form  of  heat  will  vary  in  each  case. 
If  the  purely  chemical  part  were  separated  from  the  other  parts 
of  the  complete  change,  it  is  evident  that  the  thermal  value 
of  this  part  would  be  a  constant  quantity  only  under  constant 
physical  conditions.  Thus  the  difference  between  the  energy 
of  the  system  3H,  +  0,  and  that  of  the  system  2H,0  (both  in 
grams)  at  ordinary  temperatures,  say  at  15',  is  measured  by 
136,800  thermal  units;  but  if  the  initial  system  is  at  200° 
l^and  the  final  system  is  at  15°  the  difiference  will  be  only 
^16,500  units' ;  assuming  that  the  total  loss  of  enei^y  to  the 
retem  during  the  change  is  measured  in  each  case  by  the 
Bntity  of  heat  produced.  Indeed  in  some  cases  change 
I  temperature  may  reverse  a  process  both  chemically  and 
krmally  without  altering  the  nature  or  the  masses  of  the 
acting  substances;  thus 

It  Ordinary  temperatures  2HjO+2Cl,=4HCl+Oj (l) 

ital  about  2oo°  4HC1+0,=3H,0  +  2C1, (i) : 

^reaction  (i)  is  expanded  thermally  it  becomes 

(aHKJAq,  aa'Aq]=4[A',  CI,  Aq]-  2[//',  0,  Ai|]  =  3040o  units  : 
^reaction  (2)  is  treated  in  the  same  way  wc  have 

{^fiCl,  0']=2[//',  0]-4[//.  C/]=28,5O0  units  (at  700'). 

If  the   reaction   occurs  between  bodies  in  solution,  the 

^ntity  of  heat  which   is  produced   or   disappears   will  be 

mdent  on  the  temperature,  and  in  determining  the  thermal 

eofthc  chcmicil  change  it  wiW  bo  ni.-CL^s.'^ary  to  determine 
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the  specific  heat  of  a  solution  of  each  of  the  reacting  bodies- 
and  of  each  of  the  products  of  the  reaction'.  Heat  may  aJso 
be  produced  or  disappear  in  changes  of  volume,  or  changes 
the  states  of  aggregation,  of  the  reacting  bodies;  thus  any 
comparisons  or  contrasts  instituted  between  hydrochloric, 
hydrobromic.  and  hydriodic,  acid  from  a  consideration  of 
these  numbers, 

[//,  C/]  =  22,ooo;  [//,  Br]=S,44o;  [H,  1]=  -6^50 
must  be  accepted  with  great  reserve,  because  at  ordinary  tem- 
peratures chlorine  is  a  gas,  bromine  a  liquid,  and  iodii 
solid ;  the  reactions  formulated  are  not,  therefore,  strialy 
comparable. 
I  131  There  is  another  point  to  be  noticed  in  analysing  lie 
thermal  changes  which  accompany  chemical  processes,  vit, 
that  the  ordinary  notation  usually  represents  a  chemical 
change  as  a  much  simpler  phenomenon  than  it  really  is.  Most 
chemical  reactions  are  accomplished  only  by  employing  'an 
excess,'  sometimes  a  large  excess,  of  one  or  more  of  the  react- 
ing substances:  thus  the  equation 

AgCI  +  H I  (grams)  =  Agl  -(-  H  CI 
would  more  nearly  express  the  distribution  of  the  masse 
the  reacting  bodies  if  it  were  written 

j-AgCI-l-yHI=.r"AgI+-r"HCH-(r-y')AgCl  +  Cx'-x-)Hl. 

Potilitzin  has  investigated  this  subject  of  the  relations  I* 
tween  the  thermal  value  of  a  change  and  the  masses  of  the 
changing  substances'.  The  heat  of  format  ion  of  a  metallic  chlo- 
ride is  greater  as  a  rule  than  that  of  the  corresponding  bromidt 
pHBr,  a]  =  [M.  a]-[M,  Br]>a. 

Again  it  is  generally  true  that 

[MBr,  Hai=[VL.  a]  +  [W.  5r]-[M,  Br]~lH.  C/]<o; 
e.g.[A«Br,iVC/]=  -6,900:  [KBr.//C7]=  -j'^so;  [HaBr.//a]= 
Therefore,   it   would   appear   probable   that   chlorine  ihowj 
decompose   metallic    bromides,   but    that    hydrochloric 
should  not  react  with  these  salts. 

But  Potilitzin's  experiments  shew  that  the  reaction 
.rMCl+.r-Br--r"MBr-l-j'"Cl-Kr-:r-')MCJ-HJ''~J-'>ft 

'   See  7»/  Eleminls  of  Thermal  CJumislry,  p«.  55. 

'  Isee  abs.lrii«  m  Scr.  It.  1044 :  and  IB.  918;  also  It.  joji. 
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proceeds  at  275 — 300"  when  MCI  and  Br  are  employed  in 
equivalent  quantities,  (M  =  K,  Na,  or  Ag).  and  also  that  when 
MBr  and  CI  react  in  equivalent  quantities  the  whole  of  the 
bromine  is  not  replaced  by  the  chlorine. 

By  increasing  the  amount  of  bromine,  relatively  to  MCI, 
in  the  reaction  above  formulated,  more'MBr  is  produced  until 
a  limit  is  reached  whereat  equilibrium  is  established.  This 
equilibrium  is  not  overthrown  even  by  increasing  the  mass  of 
bromine,  raising  the  temperature,  and  prolonging  the  time  of 
action. 

J2  I  think  the  position  has  now  been  clearly  established  that 
the  thermal  value  of  a  chemical  change,  even  of  a  simple 
reaction  between  gaseous  substances,  really  repre.sents  the 
sum  of  various  changes  some  of  which  have  a  positive  and 
others  a  negative  value.  Assuming  that  in  any  case  it  is 
po.ssible  to  separate  the  gain  or  loss  of  energy,  measured 
thermally,  during  a  definite  chemical  reaction,  into  a  portion 
representing  physical  changes  and  another  portion  repre- 
senting purely  chemical  changes,  it  is  nevertheless  generally 
the  case  that  the  latter  portion  of  the  total  energy-change 
must  itself  be  analysed  before  an  accurate  and  precise  appli- 
cation of  the  thermal  value  can  be  made ;  that  is  if  the  appli- 
cation is  to  proceed  on  the  lines  of  the  molecular  and  atomic 
theory.  For,  assuming  that  we  have  made  due  allowance  for 
the  influence  of  the  masses  of  the  reacting  substances  and 
for  the  possible  formation  and  decomposition  of  molecular 
groups  during  the  reaction,  there  yet  remains  the  important 
consideration  that  heat  is  produced  or  disappears  not  only 
in  the  formation  or  the  decomposition  of  compounds,  but  also 
i  n  reactions  of  decomposition  or  formation  of  elements,  which 
take  part  in  the  chemical  process. 

^^     Let  us  analyse  a  comparatively  simple  reaction  ; 

^1  2H,0-f2Clz=4HarOi. 

^B     When  this  is  expanded  thermally  we  have 

^K^         [jH'u.  2a'\^A[f/.  cr\+[o.  o]-2iH',  o]-  2 [a,  c/). 

^Bhfut  is  to  say,  heat  is  used  in  separating  each  chlorine  mole- 
^^be  into  atoms,  and  heat  is  produced  in  the  union  of  each 
^^Hr  of  oxygen  atoms  to  form  a  molecule. 
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Let  us  lake  an  apparently  more  simple  instance 

[H-,  01=44,000  units. 

Remembering  the  fundamental  distinction  between  atoms 

and  molecules,  and  moreover  bearing  in  mind  the  fact  that 

the  molecules  of  hydrogen  and  chlorine  are  both  diatomic,  wi 

may  expand  this  equation  thus 

t^,  a']=2[//,  ci]-[//,  /f]-[a,  c/]=44.ooo- 

But  we  do  not  know  the  true  thermal  value  of  any  one  of 
the  three  parts  of  this  reaction  ;  when  therefore  we  write 
[H',  CI']  =  44,000,  ^^■e  use  a  short  way  of  expressing  the 
fact  that  when  2  grams  of  gaseous  hydrogen  combine  with 
7  r  grams  of  gaseous  chlorine  to  produce  73  grams  of  ga 
hydrochloric  acid,  at  ordinary  temperatures,  44,000  gram-unitS 
of  heat  are  produced. 

As  long  as  thermal  measurements  are  regarded  ii 
way  they  convey  precise  and  important  information.  Butwc 
want  something  more  than  this;  we  desire  to  have  some 
thrown  on  the  rationale  of  chemical  changes.  Now  our  most 
far-reaching  conceptions  in  chemistry  are  based  on  the  dis- 
tinction implied  in  the  terms  atom  and  molecule;  until  then 
this  distinction  is  practically  recognised  in  thermal  chemistry, 
we  cannot  expect  great  advances  to  be  made  in  applying 
the  mass  of  data  already  accumulated  to  questions  of  the 
mechanism  of  chemical  change. 
3  In  the  Introduction  to  volume  1.  of  his  £ssai  de  mkam^ 
chimiquc.  Bertlielot  lays  down  three  fundamental  principles  of 
thermal  chemistry  [p.  xxviii — xxix]. 

(1)  The  quantity  of  heat  produced  in  a  reaction  measuTts 
the  sum  of  the  physical  and  chemical  changes  which  occur  ia 
that  reaction. 

(2)  The  total  thermal  value  of  a  reaction  is  dependent  onljr 
on  the  initial  and  final  states  of  the  changing  system. 

(3)  Every  chemical  change  accomplished  without  additioa 
of  energy  from  without  tends  to  the  formation  of  that  bodf 
or  system  of  bodies  the  production  of  which  is  accompanied 
by  the  development  of  the  maximum  quantity  of  heat. 

The  first  and  second  principles  have  already  been  illus- 
trated and  discussed.     The  third,  under  the  name  of  thc'lw 


CH.  TV.  §133]  LAW  OK  MAXIMUM  WORK. 


279 


cnemit 

Km  . 
emit 
a  p 


of  maximum  work  "  forms  the  basis  of  all  Berthdot's  thermo- 
chemical  generalisations.  It  is  stated  in  an  even  more  rigid 
as  the  titeorem  of  tlu  tucessity  of  reactions^,  "  Every 
Aiemical  change  which  can  be  accomplished  without  the  aid 
F  a  preliminary  action  or  the  addition  of  energy  from  with- 
out the  system  necessarily  occurs  if  it  is  accompanied  by 
disengagement  of  heat." 

This  so-called  /die  of  maximum  work  may  be  shewn 
theoretically  to  be  untrue';  but  even  supposing  it  were  true, 
I  think  that  if  the  fundamental  distinction  between  atom  and 
molecule  is  clearly  grasped  it  will  be  seen  that  Berthelot's 
statement  is  too  general  to  throw  much  light  on  chemical 
changes. 

Berthelot's  law  is  simply  a  crude  application  of  the  prin- 
ciple of  tile  degradation  of  energy;  the  principle,  namely,  that 
energy  always  tends  to  run  down  from  a  more  available  to  a 
less  available  form.  Inasmuch  as  the  formation  of  a  chemical 
compound,  with  production  of  heat,  is  an  instance  of  such 
running  down  of  energy,  from  the  form  of  chemical  affinity 
to  that  of  heat,  it  follows  that  the  reversal  of  this  process  will 
require  the  expenditure  of  work.  But  the  !axv  of  maximum 
urork  does  not  attempt  to  analyse  the  expression  chemical 
affinity.  Under  this  term  Berthelot  includes  actions  and 
reactions  qf  different  kinds.  This  is  at  once  apparent  from 
the  statement  in  the  Essai*  that  the  first  fundamental  principle 
of  thermal  chemistry,  viz. — "  the  quantity  of  heat  produced  in 
a  reaction  measures  the  sum  of  the  physical  and  chemical 
changes  which  occur  in  that  reaction" — furnishes  the  measure 
of  chemical  affinities'. 

Berthelot's  work  is  saturated  with  the  conceptions  of  the 
molecular  theory:  but,  by  some  fatal  perverseness,  he  refuses 
to  apply  this  theory  to  chemical  phenomena.  While  recog- 
nising the  existence  of  molecules  and  building  his  generalisa- 
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conception  of  atom,  or  rather  he  hopelessly  confuses  it  with 
that  of  equivalent.  The  molecule  is  for  him  a  definite  am 
definable  portion  of  matter,  the  parts  of  the  molecule  are  only 
numbers. 

If  by  chemical  affinity  is  meant  an  action  and  reactioi 
between  atoms,  then  the  principle  already  quoted  certainly 
does  not  afford  a  measure  of  this  affinity. 

BcrtheJot's  law,  then, — assuming  its  truth — appears  to  be 
a  definite  statement  applicable  to  chemical  reactions;  but 
more  precise  investigation  shews  that  the  application  is  only 
possible  when  'chemical '  is  used  in  a  vague  way  as  including 
much  that  is  usually  called  'physical.' 

The  principle  of  the  degradation  of  energy  is  a  highly 
generalised  statement  applicable  to  certain  cycles  of  change; 
Berthelot  attempts  to  apply  it  to  parts  of  such  cycles,  forget- 
ting that  what  is  true  of  the  whole  is  not  necessarily  true  of 
the  parts. 

Thirty  years  ago  Thomsen'  generalised  tlie  relations  be- 
tween chemical  action  and  thermal  change  in  the  statcm^t 
"  Every  simple  or  complex  reaction  of  a  purely  chemical  kind 
is  accompanied  by  production  of  heat." 

If  by  a  reaction  'of  a  purely  chemical  kind'  is  meant  tiie 
combination  of  atoms  to  form  molecules,  no  objection  can  be 
made  to  this  statement ;  wc  recognise  its  importance  and 
universality,  as  we  recognise  the  same  qualities  in  such  state- 
ments as  '  all  men  are  mortal.'  or  '  no  white  men  are  black' 
But  we  may  doubt  its  utility.  Thomsen  explains'  that 
'reactions  of  a  purely  chemical  kind'  are  those  which  proceed 
without  addition  of  energy  from  sources  external  to  the 
system,  and  consist  only  of  the  strivings  of  atoms  tou-ards 
more  stable  equilibrium'.  On  the  other  hand  a  chemical 
system  may  be  raised  to  a  temperature  such  that  its  consti- 
tuents are  no  longer  stable,  and  reactions  may  then  occur 
with   expenditure   of  external    energy ;    but    tliese   changa 

'  See  Tkermoikimisike  Unltrsuthungtn,  1.  ri— 16. 

=  toe.  ttl.\.  1(5. 

*  "  Dcr  chemische  Procest  isi  rein  cbcmi^dict  Nnliir,  weno  et  ohne  An: 
Tremiler  Energic  vcrUuft,  und  niu  diirch  das  Sttebcn  dcr  Alomc  mcfa 
Etabilen  Glekligewichtslaeen  zii  Slandt  hommt." 
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»  not  depend  solely  on  mutual  atomic  attractions.  But 
factions  "of  a  purely  chemical  kind'  never  occur  except  as 
parts  of  cycles  of  reactions  which  include  changes  that  do  not 
consist  'solely  of  the  strivings  of  atoms  towards  more  stable 
equilibrium.'  Hydrogen  and  oxygen  do  not  combine  to  form 
water,  neither  do  chlorine  and  hydrogen  combine  to  form 
hydrochloric  acid,  without  the  addition  of  energy  from  ex- 
ternal sources. 

If  the  statements  quoted  from  Thomscn  or  Berthelot  are 
ever  true,  they  are  true  only  when  an  arbitrary  separation  is 
made  of  chemical  changes  into  two  parts,  and  one  of  these 
parts  is  alone  called  chemical.  Every  chemical  change,  how- 
ever simple,  consists  of  at  least  two  parts,  the  first  of  which  is 
the  necessary  antecedent  of  the  second ;  tiie  law  of  maximum 
icork  ignores  this  duality,  or,  it  might  be  more  accurate  to 
say,  the  law  assumes  that  the  second  part  of  a  chemical  pro- 
cess can  occur  without  the  first.  Every  process  of  chemical 
change  m.iy  be  compared  to  the  flight  of  a  stone  from,  and 
its  return  to,  the  surface  of  the  earth.  During  the  first  part  of 
this  process  there  is  a  continual  transference  of  kinetic  energy 
from  the  moving  stone  to  the  surrounding  medium,  and 
during  the  second  part  there  is  a  continual  transference  from 
the  medium  to  the  stone,  until  the  stone  conies  to  rest  when 
its  energy  becomes  a  part  of  the  total  energy  of  the  system, 
earth  +  stone.  If  the  final  resting-place  of  the  stone  is  nearer 
the  centre  of  the  earth  than  the  spot  from  which  it  was  pro- 
JL-cted  on  its  upward  flight,  then  the  stone  contains  less  energy, 
relatively  to  surrounding  systems,  at  the  close  of  the  trans- 
action than  at  the  beginning.  On  the  other  hand,  if  the 
starting-point  is  nearer  the  earth's  centre  than  the  final  point 
of  rest,  then  the  transaction  has  resulted  in  gain  of  energy  to 
the  stone.  lo  both  cases  the  second  part  of  the  transaction, 
that  which  occurs  between  the  turning-point  and  the  final 
rcsting-point  of  the  stone,  is  attended  with  loss  of  energy  to 
"lie  stone;  but  this  second  part  does  not  represent  the  com- 
icte  transaction.  The  late  of  maximum  work  if  applicable 
^^  all  is  applicable  only  to  the  second  part.  And  moreover 
^Hjis  law  ignores  the  fact  that  the  stone  (or  chemical  syst<:tft) 
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does  not  leave  its  initial  point  of  rest  of  its  own  accord;  th< 
law  assumes  that  no  work  need  be  done,  no  energy  expended, 
in  the  passage  of  the  stone  (or  system)  from  its  original  post 
tion  to  that  at  which  the  energy-relations  between  it  and 
surrounding  systems  come  within  the  cognisance  of  thf 
law. 

134  An  attempt  has  been  made  by  Thomsen  to  measure  th* 
thermal  values  of  the  first  parts,  i.e.  separation  of  molecules 
into  atoms,  of  certain  changes  which  result  in  the  production 
of  hydrocarbons.  Attention  has  been  already'  drawn  to  this 
investigation.  An  account  of  Thomsen's  argument  by  which 
he  arrives  at  a  certain  thermal  value  for  each  of  the  foof 
'bonds'  of  the  atom  of  carbon  is  given  in  The  Ele^nenU  of 
l/iennal  Clumistry  (pars.  73 — 75).  I  will  not  reproduce  that 
account  here,  but  rather  give  a  brief  statement  of  another  and 
later  argument  by  whidi  Thomsen  has  arrived  at  certais 
conclusions  regarding  the  tliermal  values  of  the  'bonds'  A 
the  atom  of  carbon. 

Thomsen'  assumes  (ij  that  the  four  'bonds'  or  'affinities' 
of  an  atom  of  carbon  are  of  equal  value,  at  least  as  regardt 
combination  with  atoms  of  hydrogen,  \2)  that  all  the  hydn^gen 
atoms  in  the  molecule  of  a  hydrocartxin  are  bound  to  the 
carbon  atom  with  equal  vigour.and  (3)  that  carbonatomsmay 
be  united  together  in  three  different  ways,  vrz.  by  singli^ 
double,  or  treble,  linkings. 

The  heat  of  combustion  of  a  gaseous  hydrocarbon  r 
cule  is  theoretically  divisible  into  two  parts,  (1)  the  heat  used 
iiT  separating  the  molecule  into  atoms  of  carbon  and  hydn^en, 
and  (2)  the  heat  produced  in  the  combination  of  theses 
with  oxygen  lo  form  carbon  dioxide  and  water. 

The  formula  C^H,,  e.xpresses  the  composition  of  paralfinL 
As  each  atom  of  carbon  has  four  bonds,  a  atoms  of  cartxni 
have  4fi  bonds  ;  as  each  atom  of  hydrogen  has  one  bond  :* 
atoms  have  2b  bonds;  but  every  carbon  atom  must  be  unittfl 
to  another  carbon  atom  by  at  least  one  bond,  hence  the  tool 
number  of  single  linkings  between  the  carbon  atoms  JB  » 
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paraffin  molecule  C,H^.  is 
^'-.■.-* (.). 

Let  V  be  the  work  required  to  tear  asunder  two  singly 
linked  carbon  atoms,  then  the  work  required  to  tear  asunder 
ail  the  singly  linked  carbon  atoms  in  a  paraffin  molecule  CjH,i 


I-et  r  be  the  work  required  to  tear  asunder  an  atom  of 
hydrogen  from  an  atom  of  carbon  to  which  it  is  linked  in  the 
molecule  C,H„,  then  the  work  required  to  tear  asunder  all 
the  hydrogen  atoms  in  the  molecule  is 

^ir (3). 

Hence  the  work  required  to  isolate  all  the  atoms  com- 
posing the  molecule  C,H»,  is 

(i/i-i'iv+21'r ,.[4). 

het/che  the  heat  of  combustion  of  an  isolated  gaseous 
carbon  atom,  and  let  /i^,  be  the  heat  of  combustion  of  two 
isolated  gaseous  hydrogen  atoms,  then  the  heat  of  combustion 
i  >i  the  isolated  atoms  obtained  by  tearing  asunder  the  mole- 
cule C,H„  will  be 

"/c+i/K (5J. 

And  the  difference  between  (4)  and  {5)  will  express  the 
heat  of  combustion  at  constant  volume  of  the  gaseous  mole- 
cule C,H„: 

/.C,Hu=a(/c-2v)+d(JA,-2r+v) (6). 

The  heat  of  combustion  of  the  gaseous  molecule  C^H,,  at 
constant  pressure  is  found  by  taking  into  account  the  thermal 
change  accompanying  the  change  of  volume  from  C„H„  to 
^dCO,-f  AH,0;  the  expression  is 
^k     /.CHu (const.  press.)=fl(/f-3T')+*(/Aj-2r+7'+29o)  +  s8o...(7). 

^^h  As  this  equation  holds  good  for  all  paraffins,  and  as  the 
^^Hpressions  in  brackets  are  the  same  for  all.  ^-2;' may  be 
^^^k  as=x,  and  /A^—2r  +  v  +  2go  is=y;  thus  we  get  the 
^^Kipler  form 

^r  /"  CHu  (const.  press.)-w+*>'+s8o .V?-!- 
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Thomsen  then  finds  probable  values  for  jr  and  _)*  from  tl 
following  heats  of  combustion  at  constant  pressure  of  fii 

paraffins : — 

CH,  =  21 1,930   C,H,= 370,440   C,H,= 539,210 

CH(CH^)5[  =  CiHi„]=6a7,i90   C(CHs),[=CsHiJ  =  847,iiol 

From  these  data,  ten  values  for:rand_j' are  found,  and  from 
these  the  following  most  probable  values  are  deduced  by  the 
method  of  least  squares: — 

r=io6,i7o     y=s^iy- 

The  heats  of  combustion  of  the  five  paraffins  given  abort 
calculated  with  these  values  of  x  and  7  closely  agree  with  the 
observed  values;  the  largest  difference  is  720  units  in  the  case 
of  C.H„, 

But  when  the  observed  heats  of  combustion  of  four  olefins 
(C„H„  where  a  =  d)  are  compared  with  the  values  calculated 
by  the  use  of  the  above  values  for  x  and 7.  it  is  found  that  the 
observed  are  always  much  greater  than  the  calculated  num- 
bers.    The  following  data  give  the  differences  in  question; 

C,H,... 15,370        C,H,...  15,140        C.H„... 32,570. 

C3H,... 16,060        C.H^...i5,5Sa 

In  the  molecule  C,H„  there  are  two  double  linkings 
between  carbon  atoms,  and  in  each  of  the  other  molecules 
there  is  one  double  Unking;  therefore  the  mean  increase  of 
the  observed  over  the  calculated  heat  of  combustion  is  15,465 
units  for  each  double  linking, 

Thomsen  then  develops  a  formula  for  calculating  the  heat 
of  combustion  of  a  gaseous  olefine  in  a  way  similar  to  that 
already  sketched,  but  taking  account  of  the  existence  fjl 
"double  linkings'  in  the  olefine  molecules:  applying  t 
formula  he  arrives  at  the  conclusion  tliat 

3E'-«a=  15465 (9 

where  v  means,  as  before,  the  work  required  to  tear  asunde) 
two  singly  linked  gaseous  carbon  atoms,  and   K  =  the   we 
required  to  tear  asunder  two  doubly  linked  carbon  atoms. 

Thomsen  then  turns  to  the  acetylenes  (C^H„  wh< 
b  =  a—  i),  and  by  similar  reasoning  to  that  applied  lo  t 
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rafiins  and  olefines  he  concludes  that 
37'-w,=43.922 (10), 

wnere  v  has  the  same  meaning  as  before,  and  w  represents  the 
work  required  to  tear  asunder  two  trebly  linked  carbon  atoms. 
These  results  may  be  stated  in  various  ways.  If  we 
regard  a  double  link  between  carbon  atoms  as  two  several 
linkings,  and  a  treble  as  three  several  Unkings,  then 

u+77i2~v,  and  »+ 14640=1'. 
Thomsen's  results  are  thus  equivalent  to  asserting  that  the 
quantity  of  heat  produced  in  forming  the  hypothetical  group 
=  C  — C=  from  gaseous  isolated  carbon  atoms  is  7732  units 
greater  than  half  the  quantity  of  heat  produced  in  forming  the 
hypothetical  group  =  C  =  C  =  from  carbon  atoms,  and  is  14640 
units  greater  than  one-third  of  the  quantity  of  heat  produced 
in  forming  the  hypothetical  group  -  C  =  C  —  from  atoms  of 
carbon.  Or.  let  the  heat  produced  in  forming  =  C  =  C  =  from 
I  I 

—  C—   and   —  C—    be  jr   units,    then   the  heat  produced    in 

forming  sC  — C=  from  the  same  carbon  atoms  is      +7732 

units;  and  let  the  heat  produced  in  forming  -C^C-  from 
I  I 

-  C  —  and  —  C  -  be_j'  units,  then  the  heat  produced  rn  form- 


.  ing  =  C  -  C  i:  from  the  same  materials  is  -^  +  14640  units, 


Thomsen's  values  represent  differences;  in  this  paper  he 
»es  not  attempt  to  find  the  actual  thermal  value  of  either  a 
hgle,  a  double,  or  a  treble,  linking  between  carbon  atoms. 

If  the  combination  of  a  pair  of  carbon  atoms  by  a  double 

■ik  is  regarded  as  occurring  in  two  parts  each  bond  having 

f  own  thermal  value,  then  Thomsen's  numbers  assert  that 

1  half  of  this  process  is  accompanied  by  the  production  of 

r  less  heat  than  half  of  that  produced  when  two  carbon 

bms  combine  by  a  single  bond. 

J  If  wc  admit  the  justness  of  Thomsen's  conclusions  we  shall 
I  forced  to  acknowledge  that  the  bonds  of  the  carbon  atom 
e  of  unequal  value;  but  one  of  the  assumptions  on  whicti 
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Thomsen  has  based  his  argument  is  that  the  bonds  in  qucstioi 
arc  equal  in  value.  In  one  case  however  value  here 
chemical  value  and  in  the  other  it  means  thermal  value.  Botli 
terms,  value  and  bond,  are  misleading.  Instead  of  the  fre- 
quently used  expression,  'in  the  molecule  CH^  all  the  bonds 
of  the  carbon  atom  are  of  equal  value,'  it  would  be  much 
better  to  say,  "in  the  molecule  CH^  each  hydrogen  atom 
related  to  the  carbon  atom  and  to  the  rest  of  the  molecule  in 
the  same  way  as  every  other  hydrogen  atom.' 

It  should  be  noted  that  the  conclusions  arrived  at  by 
Thomsen  are  applicable  only  to  hydrocarbons,  and  that  they 
are  based  on  but  scanty  data. 

If,  as  Thomsen's  results  assert,  the  thermal  value  of 
carbon  bond  depends  on  whether  that  bond  is  satisfied  by  the 
bond  of  another  carbon  atom  or  by  that  of  a  hydrogen  atom. 
it  is  almost  certain  that  the  thermal  value  of  the  carbon  bond 
will  vary  according  as  it  is  satisfied  by  the  bond  of  an  oxygen, 
a  sulphur,  or  a  chlorine,  &c.  atom;  and  if  this  is  so,  then  in 
all  probability  the  thermal  value  of  each  bond  of  the  atom  of 
oxygen,  sulphur,  &c.,  will  vary  with  the  nature  of  the  other 
atoms  with  which  the  atom  of  oxygen  or  sulphur  is  combintd 
The  affinity  of  atoms  for  atoms  cannot  be  measured  by  the 
thermal  values  of  the  atomic  bonds,  Indeed  these  bonds  art 
wholly  imaginary  existences ;  they  are  protean  and  for  cve» 
escape  one's  grasp;  whether  the  conception  we  tr\'  to  fonn 
of  them  be  purely  chemical  or  partly  chemical  and  partly 
thermal,  it  is  at  the  best  but  a  blurred  and  wavering  tmagt 
which  comes  between  us  and  reality, 
135  A  few  generalisations  have  been  established  regardiiy 
the  connexion  between  the  structure  and  the  boiling  point! 
of  carbon  compounds.  Thus  the  difference  between  ibe 
boiling  points  of  two  consecutive  members  of  an  homologout 
scries  of  carbon  compounds  is  frequently  about  19" :  ' 
numbers  actually  obtained  shew  that  variations  in  the 
points  arc  connected  with  variations  other  than  those  of 
cular  weight    Goldstein'  attempts  to  shew  that  the  propoi 

'  B(r.  U.  AH9:   nlsQ  abstract  of  p«[ief  in  Kus^an,  C.  S.  JbitnHtt  AM 
for  188S,  37H. 
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■Ibetwecn  the  numbers  of  hydrogen  and  carbon  atoms,  besides 
tile  total  number  of  these  atoms,  influences  the  boiling  points 
of  the  members  of  an  homologous  series.  Hydrocarbons  of 
analogous  constitution  must  be  compared,  i.e.  normal  hydro- 
carbons must  be  compared  with  normal, 
e.g.  CH.-CH,-CH.-CH,withCH.-CH,-CH,-CH-CH.; 
or  iso-hydrocarbons  must  be  compared  with  iso-,  e.g. 
CH  (CH^,-  CH,  -  CH,  with  CH  (CH J,  -  CH,  -  CH,  -  CH. ; 
nor  can  the  differences  behveen  the  boiling  points  of  normal 
hydrocarbons  be  compared  with  tlie  differences  between  the 
boiling  points  of  iso-compoimds. 

Goldstein  investigates  the  change  of  boiling  point  in  the 
series  of  normal  paraffins,  i.e.  hydrocarbons  of  the  form 
CH,-(CH,).-CH,[orCH,-CHR'-CHJ  He  gives  the 
fonnula 

nin  +  i))- 

where  B.P,=  boiling  point  required,  b.  p.  =  boiling  point  of 
the  paraffin  containing  CH,  less  than  that  whose  1!.I'.  is  re- 
quired, and  )i  =  number  of  atoms  of  carbon  in  the  molecule  of 
the  paraffin  whose  b.  p.  is  known.  Thus,  the  boiling  point  of 
C,H„(i.c.  CHj(CH,),CH,)  is  39^-0;  required  the  boiling  point 
of  C,H„{i.e.  CH,(CH,).CH,). 

rcquired-39  +  ^i9  +  ^ij-y-J 

,380 


B.  P. 


=  b.p, +  (ic 


=39+19+1: 
=7o'-66 


B.P.  observed  =  7o°-5. 


Goldstein  calculated  the  D.P.  of  normal  heptane  (C,H,J 

k  be  98'''65 ;  shortly  after  this,  the  paraffin  was  obtained  in 

ntity  by  Thorpe,  and  the  boiling  point  was  found  to  be 

r-5. 

The  same  fonnula  appears  to  hold  good  for  determining 
{edifTcrcnce  between  the  boiling  points  of  any  two  consecutive 
tparaffins  belonging  to  the  form  CH  (CH,),-(CH,1.-CH 
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Thus, 

KP      Difftrt 

(a)  CH(CH^,-CH,-CH,       3o';-   ,,... 
(i)  CH(CH,),-{CH,),  -  CH,  bz'-a-- -^     ^ 


..calculatedd  iffcrer  ce = 3 1 '  i 


If  this  is  so,  it  follows  that  the  difference  between 
boiling  point  of  a  normal  paraffin  and  its  corresponding 
paraffin  (of  this  form)   must  be  the  same  whatever  be  thi 
molecular  weight  of  the  two  isomerides.     Experiment,  so  fa 
as  it  has  gone,  seems  to  confirm  this  result ;  thus. 

Formula  DLIfcrtna  betwem  B.  P.  o(  normal 

CjH„  8"-5 

C,H„  8' -6 

C,H„  8°-5 

We  have  very  little  precise  knowledge  regarding  ihft 
boiling  points  of  isomeric  hydrocarbons.  From  the  daC 
accumulated  it  has  been  concluded,  that,  of  two  or  mora 
isomeric  hydrocarbons,  that  one  has  the  lowest  boiling  point 
the  molecule  of  which  is  characterised  by  containing  the 
greatest  number  of '  side  chains  ".  Thus 
/'fn/a«c(C,H„). 

(u)  normal:— CH,(CHj),-CHj 

(A)   isapropyl-methylmethane  ;— CH,-  CH(CHO,-  CH, 

(c)   tetraniethylmelhane ;— C(CHj), 

Hexanc  {C^,,). 

[a)  nonnBl:-CH,(CH,),CH, 

(A)  isopropyl-ethylmethane  :— CH,  -  CH(CH,},  -  CjH; 

(r)  di.isopropyl  1— CH(CHj)j-  CHfCH,), 

(rf)  irimethyl-ethylmeihane  :— C(CHj),[C,H,)  43'-**' 

The  replacement  of  one  or  more  atoms  in  a  molecule  tfM 
another  atom  or  other  atoms   is  attended  with  a  change*! 
boiling  point.     The  data  accumulated  point  to  the  exisW 
of  definite  relations  between  the  boiling  points  of  the  0 
pounds  and  the  nature  and  relative  positions  in  the  molw 
of  the  substituted  and  substituting  atoms.     Thus  thcci 
from  a  hydrocarbon  to  an  alcohol  by  substitution  of  OHll 
H  is  accompanied  in  many  cases  by  a  rise  of  about  IW'! 
the  boiling  point ;  the  change  from  a  monohydric  to  a  tiihwJ 
'  foi  dau  see  Naumann, /«.  f(V.  pp.  i68 — i^:. 
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alcohol  is  also  attended  by  a  rise  of  B.  P.  amounting  to  about 
100':  the  substitution  of  a  bromine  atom  for  an  atom  of 
chlorine  in  chlorodcrivativc^  of  hydrocarbons  is  accompanied 
by  a  rise  of  B.  P.  equal  to  about  23°,  and  the  value  of  the 
increase  Is  nearly  constant  in  very  many  cases'. 
36  In  this  section  I  have  tried  to  trace  some  of  the  connexions 
between  the  results  of  thermal  measurements  of  chemical 
phenomena  and  certain  statical  aspects  of  these  phenomena. 
\Vc  have  found  that  every  chemical  phenomenon  is  a  complex 
TLurrencc,  and  that  it  is  almost  impossible  fully  to  dis- 
■inguish  those  portions  which  would  more  appropriately  be 
called  physical  from  tho.se  which  are  undoubtedly  chemical. 
\Vc  have  also  found  that  thermal  measurements,  being  essen- 
tially measurements  of  changes  of  energy,  are  intimately  coii- 
itoted  with  problems  belonging  to  chemical  kinetics,  and 
lut  until  we  know  something  of  chemical  affinity  we  are  not 
11  ;i  position  fully  to  discuss  the  data  of  thermal  chemistry. 

Section  II.    C/Z/V^/  Methods. 

",  In  this  section  I  wish  to  give  some  account  of  the  attempts 
iiich  have  been  made  to  elucidate  the  relations  existing  be- 
.,>.cn  the  composition  of  chemical  compounds  and  (i)  the 
refractive  powers.  (2)  the  power  of  rotating  a  ray  of  polarised 
light,  and  (3)  the  absorption-spectra,  of  these  compounds. 
The  subject  is  more  limited  than  that  considered  in  the  first 
section  of  the  present  chapter;  it  belongs  more  completely 
than  thermal  chemistry  to  the  domain  of  chemical  statics, 
although  like  other  questions  in  chemical  science  it  presents 
aspects  which  are  essentially  kinetical. 

^8  Let  a  ray  of  light  pass  from  air  into  a  liquid  medium 
denser  than  air ;  let  the  angle  of  incidence  =  i,  and  the  angle 
of   refraction  =  r ;    then     -. —  =  n  =  refracti-.e  index  of   the 


mediui 


An  Mcounr  of  the   prc«ent  Mate  of  knovilcdKe  tcganling  ihe  c 

llip   B-P.  and  conslitution  of  carbon  Rimpnun<lc  will  be  found   in  n 

1..t   \V.    Mni'kwsM,    '0>-i'    ih.-    Pi  swill: -iiyii  rtrhrhtH  Jfin   Sitif^unttt 
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Let    the   light   employed   consist   only   of   light   of  om 
wave-length,  and   let  the  liquid  medium  consist  of  a  singli 

definite  chemical  compound,  then  tlie  quantity  I — -j-  \ 

called  by  Gladstone  and  Dale'  the  specific  refraelh-e  energy 
the  liquid  examined  (//=spec.  grav,  of  the  liquid  referred 
water  as  unity).     Landolt'  called   the  product  obtained  bj^ 

multiplying  (       ,    J  into  the  molecular  weight  of  the  Ii'qui 

i.e.  I   -7— j  3/,  the /■iy;-i7f//o«-rya;i'i7/^«/of  the  liquid  compound 

in  question. 

The  quantity  f      ,    1  was  said  by  Gladstone  and  Dale 

be  independent  of  temperature'. 

Objection  has  been  taken  to  the  use  of  this  purely 
pirical  formula  in  attempts  to  trace  connexions  between 
constitution  and  refractive  powers  of  compounds*.  The  fomiuli 

(    ,- ,     j .  ^  for  finding  the  refraction-equivalent  of  a  compound 

was  deduced  from  the  general  principles  of  Clerk  Maxwell' 
electro-magnetic  theory  of  light  by  A.  Lorenz,  and  also  '■» 

dependcntly   by    H.    Lorenz'.     The  formula   \  -.t~ 

VW  V  +  2. 
where /i^  =  refractive  index  of  the  theoretical  ray  of  iuGnile 
wave-length,  was  deduced  by  the  use  of  a  method  given  bf 
Cauchy.  and  was  supposed  to  give  results  practically 
pendent  of  dispersion,     Other  formutse  have  been  proposed 
by  different  physicists.     Briihl"  has  recently  examined  »1I  ll 
formula    hitherto   proposed    for   calculating    the   rcfractJ» 
equivalents  of  compounds ;    he  concludes   that   no  fo 
gives  the  true  laws  of  dispersion,  and  that  none  of 
enables  us  to  determine  whether  a  limiting  value  iiid< 

'  Prx.  R.  S.  la.  4+a,  and  Phil.  Traiu.  168.  317. 

*  Pagg.  Ann.  132.  m  ;  and  U3.  jpj. 
■  See  Prot.  A\  S.  18.  49 ;  and  also  FA//.  Tram.  ISO.  9. 
'  See  especially  Wiwiem.inn,  Brr.  IS.  467. 

•  iVitd-Aun.  8.  641:  II.  70. 
"  l<er.  19.  iSj  r  (refrtcnccs  nn-  here  given  In  m.iny  othci  ii 


of  dispersion  does  or  does  not  exist  for  the  quotient 

Brtihl  states  that  the  influence  of  the  dispersion  of  different 
bodies  on  their  refractive  powers  has  not  been  satisfactorily 
deduced  from  any  optical  theory;  and  that  in  investigations 
into  the  connexions  between  the  refractive  powers  and  the 
chemical  constitution  of  compounds  the  influence  of  disper- 
sion must  be  neglected  if  it  cannot  be  eliminated  by  purely 
empirical  methods. 

Of  the  different  formula  proposed,  Bruhl  prefers 


M 


\ft' +2j    d' 

because  it  gives  results  which  are  more  consistent  and  less 
influenced  by  changes  of  temperature  than  those  obtained  by 
any  of  the  other  formulje. 
tS  In  1863  Gladstone  and  Dale'  concluded  that  'every 
liquid  has  a  specilic  refractive  energy  composed  of  the 
specific  refractive  energies  of  its  component  elements,  modi- 
fied by  the  manner  of  combination.'  Many  and  lengthy 
memoirs  have  been  published  on  tliis  subject  since  1863; 
the  gtncral  result  has  been  to  confirm  the  statement  of 
'jiadstonc  and  Dale,  and  at  the  same  time  to  trace  a  more 
i-recise  connexion  between  the  refraction-equivalent  of  a 
ompound  and  the  manner  in  which  the  elements  of  that  com- 
i.'UDd  arc  combined.  One  of  the  fullest  and  most  important 
(■i^moirs  is  that  published  in  1SS7  by  Bruhl".  As  this 
1  vestigation  includes  many  of  the  results  formerly  obtained 
propose  to  confine  myself  in  the  main  to  giving  an  account 
this  work.  Investigations  have  been  confined  hitherto 
pefly  to  liquid  compounds  of  carbon. 

I  Let  us  follow  Briihl  in  calling  the  product  of  the  specific 
jciive  energy  and  the  molecular  weight  of  a  compound 
■  moUadar  refraction  1  Rj,  and  the  product  of  the  specific 
ictivc   energy   and   the    atomic    weight   of    an   element 

uo.  9. 


the  atomic  refraction  {x).     And,  as  BriJhl   does,  let    u 
the  following  formula  for  determining  these  constants  ;- 


/;*'  -  i\  ^      ,  fti'-\\  A 


where  M=  molecular  weight,  and  A  =  atomic  weight '. 

Assuming  that  the  molecular  refraction  of  a  compound 
the  sum  of  the  atomic  refractions  of  its  constituent  elemenW 
and  that  the  refraction  of  each  atom  has  a  constant  value 
all  its  compounds,  we  may  express  the  molecular  refraction  {RJ 
of  a  compound  of  carbon  hydrogen  and  oxygen,  C.H^O^  as 

(R)  =  K(r)C+2w(r)H+^(r)0 
where  {r)C,  (r)H,  and  (r)0  represent  the  atomic  refractions  of 
carbon,  hydrogen,  and  oxygen,  respectively. 

By  determining  the  differences  between  the  moleculaTj 
refractions  of  members  of  an  homologous  series  of  carboa 
compounds,  values  are  obtained  for  what  may  be  called 
molecular  refraction  of  the  group  CH, ;  by  determining  the 
differences  between  the  molecular  refractions  of  a  series  of] 
compounds,  differing  by  2H,  values  are  obtained  for  tl*! 
atomic  refraction  of  hydrogen;  and  by  deducting  the  value 
for  2\\  from  that  for  CH,,  a  number  is  obtained  whicb 
taken  as  the  atomic  refraction  of  carbon.  By  similar  rnethcd* 
a  value  can  be  found  for  the  atomic  refraction  of  oxyjw 
The  molecular  refraction  of  any  compound  of  carbon  hydregt* 
and  oxygen  can  then  be  calculated,  on  the  assumption  tWi 
the  value  is  equal  to  the  sum  of  the  atomic  refractions  of  t^J 
constituent  elements,  and  compared  with  the  observed  vaiB 
141  The  calculated  values  for  (R)  do  not  agree  in  eveiy' 
with  the  observed  values.  Hence  the  molecular  refraction' 
a  compound  is  probably  connected  with  the  arrange 
as  well  as  with  the  nature  and  number,  of  the  atoms  »i 
compose  the  molecule  of  the  compound.  What  then  U 
nature  of  the  connexion  between  the  arrangement  « 
atoms  forming  a  molecule  and  the  refraction  of  that  mol 

Briihl  thinks  that  the  present  data  warrant  general 


SrUhl  uses  light  with  ihv  u. 
red  hydrogen  line  H., 


..■TiyLl,  . 
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s  only  regarding  compounds  of  carbon,  hydrogen,  and 
oxygen. 

The  paragraphs  devoted  to  isomerism  (par.  6g  cf  scq.)  con- 
tain data  which  shew  that  isomerism  maybe  connected  either 
with  changes  in  the  actual  valencies  of  the  atoms  forming  a 
molecule,  or  with  changes  in  the  distribution  of  the  interatomic 
reactions.  Thus,  the  formula  C,H„0  expresses  the  composition 
of  (i)  propylic  aldehyde,  (2)  acetone,  and  (3}  allylic  alcohol; 
assuming  the  correctness  of  the  structural  formulae  of  these 
three  compounds,  viz, 

(2)  H,C-C-CH.„     (3)  HX-CH-CH.OH, 
I 


(i)  HjC-CH,- 


(1)   and   (2)  contain  each   a   trivalent   carbon    atom   and   a 
monovalent  oxygen  atom  in  direct  union,  and  also  a   pair 
of  tetravalent  carbon  atoms,  and  (3)  contains  two  trivalent 
carbon  atoms  neither  of  which  is  in  direct  union  with  oxygen, 
and   also   a  tetravalent   carbon    atom    in    direct   union  with 
an  atom  of  oxygen  which  is  divalent.     The  actual  valencies 
of  the  atoms  are  the  same  in  (i)  as  in  (2),  but  arc  not  the  same 
in  {3J  as  in  (1)  or  (2);  the  distribution  of  some  of  the  inter- 
atomic reactions  varies  in  (l),  (2)  and  (3),     In  none  of  these 
cases  is  the  molecule  saturated,  i.e.  in  no   case  does   each 
polyvalent  atom  directly  interact  with  its  maximum  number  of 
monovalent  atoms  (see  an[e,  par.  70).     These  examples  shew 
thai  isomerism  occurring  in  unsaturated   molecules  may  be 
connected    either  with   changes   in   the   actual   valencies  of 
some  of  the  atoms  or  with  changes  in  the  distribution  of  the 
interatomic  reactions.    But  when  isomerism  occurs  in  saturated 
nioleculcs  it  must  be  connected  with  changes  in  the  distri- 
bution  of  the  interatomic  reactions  and  not   with   changes 
In  the  actual  valencies  of  the  atoms,  because  saturated  mole- 
<;u]e$  arc,  by  definition,  those  in  which  each  polyvalent  atom 
directly  interacts  with  its  maximum  number  of  monovalent 
s'^toit^s     The  following  structural  formula  fordifferent  propylic 
alcohols  (C,H,OH)  illustrate  this  kind  of  isomerism  :— 


.CH,^Cil,,-C!!,OH,    CH-CH,OH,     HO 


^ 
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1  C.HjCI.O,,  shew  that  this  change  is  accompanied  by  an 
'  in  (R)  amounting  to  about'  185.  Determinations 
r  (R)  for  seven  compounds'  each  containing  two  pairs  of 
directly  interacting  trivalent  carbon  atoms,  shew  a  mean 
increase  in  (R)  of  2  x  175. 

Bnihl  states  these  results  by  saying  that  the  mean  partial 
val  ue  of  an  ethylene  grouping  of  a  pair  of  carbon  atoms  in  the 
molecular  refraction  of  a  compound  of  the  form  C.HjO,  is 
lyS.  The  phrase  ethyktie  grouping  of  two  carbon  atoms  is 
used  because  ethylene,  H,C— CH^,  is  the  simplest  compound 
containing  a  pair  of  directly  interacting  trivalent  carbon 
atoms. 

Briihl  then  determines  (R)  for  various  ketones,  aldehydes, 
and  other  compounds  C„H„0  containing  a  monovalent 
oxygen  atom  in  direct  union  with  an  atom  of  carbon,  or  it 
may  be  said  containing  a  carbonyl  group,  C  —  O,  and  by 
subtracting  (R)C.H„(=«CH,),  he  obtains  the  mean  partial 
value  of  a  carbonyl  grouping  of  an  oxygen  and  a  carbon  atom 
in  the  molecular  refraction  of  a  compound  C^H^O, ;  this  value 
I  found  to  be  76, 
I   These  conclusions  may  be  stated  thus ; — 

(R)  CM,0.='  (r)  C+^  (r)  H+a  (r)  O, 
lere   (r)C  =  2-48.  (r)0=i-s8,   and   (r)  H  =  104.  with    175 
Idcd  for  each  pair  of  carbon  atoms  grouped  as  in  ethylene, 
-C'',    and    76    added    for    each    carbonyl    grouping, 

:  -  0/ 

I  Let  us  now  consider  one  or  two  of  the  applications  which 
lihl  makes  of  these  conclusions. 

I  Acetic  aldehyde  CH,CHO  is  easily  polymerised  to  par- 
Behyde  C,H„0,.  The  change  is  probably  represented  by 
t  equation 

3H3C  *  CHO  =  HjC.  HC  -  O  -  CH .  CH^. 


I 


1 


n  U  I'jj,  and  the  minimuin  1  'S5 ;  difference  = 
*  Two  compounds  C^H,,-,  and  live  diallyl  cnnipoimds. 
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If  this  is  correct,  we  have  three  carbonyl  groupings  in  I 
3CH, .  CHO,  and  no  carbonyl  groupings  in  C,H„0, ;  therefore  I 
(R)CjH„0,  ought  to  be  equal  to  three  times  (R)CH,.  CHO  di- 
minished by  3  X76=2'28.  Theobscrved  valueof(R)CH,.CHO  I 
is  US,  and  (i  1-5  x  3)  -  2'28  =  32'22  ;  the  observed  value  of  I 
(R)C,H„0,  is  324. 

Arnylene  C,H,,  is  easily  polymerised  to  diamylene  C^H,; 
the  molecules  of  both  compounds  probably  contain  one  pair  I 
of  directly  interacting  trivalcnt  carbon  atoms,  or  one  ethylene  I 
grouping;  if  this  is  so,  the  molecular  refraction  of  diamyleoc  I 
ought  to  be  equal  to  twice  that  of  arnylene  diminished  by  | 
the  value  for  one  ethylene  grouping,  which  is  175.  The  ob- 1 
served  values  of  (R)  are  these;  C,H„  =  24'64,  C,„H^  =  47'I2; 
now  2464  X  2  =  4928,  and  4928— 4712  =  216  which  is  slightly  j 
greater  than  175  Two  isomerides  of  diamylene  arc  known,  | 
tetrahydroterpcne  obtained  by  the  reaction  of  phosphoniuiil  [ 
iodide  with  turpentine,  and  cymhydrene  obtained  from  I 
camphor  by  reaction  with  iodine.  The  observed  molecular  i 
refractions  of  the  three  isomerides  (C„,H^  are  these  ; — 

h  yd  rote 
cymhydrene  4S'8o " 

The  calculated  value  of  (R)C„H„  is  45-6,  if  (r)C=34| 
and  (r)H  =  104 ;  as  (R)  observed  is  nearly  equal  to  (R)  d-  f 
culated  in  the  cases  of  tetrahydrotcrpene  and  cymhydrent  I 
and  is  greater  by  1-52  than  (R)  calculated  for  diarayleocff 
should  conclude  that  diamylene  contains  one  ethylene  group- 1 
ing,  and  that  the  other  isomerides  contain  only  tetravalanf 
carbon  atoms.  The  study  of  the  three  hydrocarbons  so  6r  J 
as  it  has  gone  confirms  tliis  conclu: 

Both  the  isomerides  pentene  and  isoprene,  C,H,,  probali^il 
contain  a  pair  of  ethylene  groupings ;  pinenc,  Cu,Hjj,  probal' 
contains  one  ethylene  grouping,  and  each  of  its  isonv 
diisoprene  and  limonene  probably  contains  a  pair  of  cthylo 
groupings.  Assuming  these  statements  to  be  correct,  u 
comparing  the  observed  with  the  calculated  values  of  (KtV 
these  five  hydrocarbons,  we  have  these  results  : —  ' 


MOLECULAK    KEKKACTION. 


( pinenc,         c 

Ci.Hi„<  diisoprene,  I 

( limonene,    t 


CLicd.  obKMvd. 

c  groupings    24-22  24*60 

,.  24'23  2462 

43*19  43'M 

44'94  4S"04 

4494  45"o6 


+  ■38 

+  ■40 


The  structural  formula;  of  the  different  hydrocarbons  C,H,,, 
;„H„,  C,H„  and  C|„H„,  are  not  yet  fully  ascertained,  but  it 
Is  very  probable  that  the  statements  made  by  Briiiil  con- 
cerning the  number  of  ethylene  groupings  in  each  are  correct ; 
some  of  these  hydrocarbons  belong  to  the  class  of  open  chain 
tompounds  and  others  to  the  closed  ring  group;  hence,  if  we 
may  judge  from  these  data,  the  closing  of  a  chain  of  carbon 
Btoms,  or  the  opening  of  a  ring  of  the  same  atoms,  does  not 
Affect  the  molecular  refraction  provided  there  is  no  change  in 
^e  saturation -isomerism  of  the  molecules.  In  contirmation 
of  the  conclusion  that  molecular  refraction  is  not  directly 
connected  with  the  existence  of  closed  rings,  Briihl  tabulates 
the  molecular  refractions  of  24  benzene  compounds,  belonging 
to  many  different  classes  but  each  containing  a  single  benzene 
I  nucleus,  and  shews  that  the  mean  difference  between  the  ob- 
l  served  and  the  calculated  values  of  (R)  is  -f- 3  x  r8i  (max. 
I^iff.  =  3  X  2*17,  min.  difT.  =  3  x  158),  the  calculated  values 
?ing  arrived  at  by  using  {r}C  =  2-48,  {r)0  =  I'SS,  (r)H  =  104. 
flencc  it  appears  that  the  six-carbon  benzene  nucleus  con- 
ains  three  ethylene  groupings'. 

A  considerable  amount  of  evidence  is  certainly  brought 

■ard  by  Bruhl  in  support  of  the  statement  that  'position- 

omcrides  have  nearly  identical    molecular   refractions,  but 

^turation-iso  me  rides  have  different   molecular  refractions... 

increase   in    molecular   refraction    being   nearly   propor- 

mal  to  the  number  of  ethylene,  acetylene",  and  carbonyl, 

Ipupings,  and   this   proportionality  being   more  exact   the 

■-<illcr  is  the  dispersion  of  the  compounds." 

aamplc  ot  ihc  application  of  Btiihl's  mclhod  lu  Ilic  tei[H;iiia,  scs 
I.  XL  T«. 

1  A  pair  o(  ilircctly  tnleracriny  ilivik-nl  caibon  nlotn^  is  called  Xiy  lliiihl  a 
^nt  grvu^ngo^  Iwo  carbon  aXaras  \  ncdylene  (HC-CH)J 

vliich  sucli  i  ei'-m|iiin;  ucfui-i,  yf^i^  \'\Xt;\VciJ 
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Briihl  then  furmulates  the  fundamental  refraction-law  a\ 
follows : — 

"  The  atomic  refraction  of  carbon  and  oxygen  is  not  ii 
variable,  but  depends  upon  the  [actual  valencies  of  thos 
atoms  in  different  molecules]'.  The  atomic  refraction  of  thea 
elements  is  however  nearly  constant  provided  saturation  il 
unchanged,  and  in  such  cases  is  only  very  slightly  dependent 
on  the  configurations  of  the  atoms.  The  monovalent  elen 
exhibit  nearly  invariable  atomic  refractions." 

In  support  of  the  last  part  of  this  statement  Briihl  si 
that  the  atomic  refractions  of  hydrogen  and  chlorine  calculata 
from  direct  observations  very  closely  agree  with  the  valued 
calculated  from  observations  made  on  compounds  of  tha« 
elements;  that  (R)  HCI  gas  =  (r)  H  +  (rj  CI  (from  direct  1 
servations  of  (r)  H  and  (r)  CI) ;  and  lastly  that  (r)  H  and  (r)fl 
deduced  from  observations  on  liquid  carbon  compounds  ai 
the  same  as  (r)  H  and  (r)  CI  deduced  from  observations  01 
gaseous  carbon  compounds. 

Nasini'  has  made  determinations  of  (R)  for  various  c 
compounds  containing  sulphur,  and  has  deduced  two  valM 
for  the  atomic  refraction  of  sulphur  according  as  the  i 
directly  interacts  with  two  other  atoms  or  with  only  < 
Wiedemann'  has  arrived  at  similar  results.  The  atomic  R 
fraction  of  sulphur  appears  to  vary  largely  in  compouo 
containing  both  oxygen  and  sulphur. 

It  should  be  noticed  that  the  conclusions  arrived  at  1] 
Briihl  can  be  applied  at  present  only  to  such  compoumit •! 
the  forms  C,  H^  and  C.  H^  O,  as  do  not  exhibit  large* 
pcrsion.     Nasini's   observations*  on   naphthalene  dertval 
and  other  compounds  with  large  dispersive  power,  and  « 
of  the  experiments  of  Gladstone'  on  compounds  contti 
relatively  very  much  carbon,  shew  that   the   nature  of  ■* 
connexion  between  the  refractive  powers  and  the  coni{<« 
of  compounds  has  not  yet  been  fully  elucidated'. 
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W  If  a  ray  of  plane  polarised  light  ts  passed  llirough  a  plate 
mT  quartz  cut  at  right  angles  to  its  optical  axis,  the  position  of 
the  plane  of  polarisation  of  the  emergent  ray  does  not  coincide 
with  that  of  the  incident  ray ;  the  plane  has  been  rotated 
tlifough  a  certain  angle,  called  the  angle  of  rotation.  If  the 
rotation  takes  place  in  the  same  direction  as  that  in  which 
the  hands  of  a  watch  appear  to  move  as  we  look  at  the  face, 
the  quartz  is  said  to  exhibit  dextrorotatory  power;  this  is 
expressed  by  prefixing  +  to  the  value  of  the  angle  of  rotation, 
[f  the  rotation  takes  place  in  the  direction  opposite  to  that  in 
which  the  hands  of  a  watch  appear  to  move  as  wc  look  at  the 
face,  the  quartz  is  said  to  exhibit  l.'evorotatory  power  ;  this  is 
cxprciucd  by  prefixing  —  to  the  value  of  the  angle  of  rotation. 
Optically  active  transparent  media  are  those  which  rotate 
tlic  plane  of  polarisation  of  a  ray  of  light  passed  through 
ihem;  they  arc  divided  into  dextrorotatory  substances,  e.g. 
.Mjmc  specimens  of  quartz,  sugar  in  aqueous  solution,  &c..  and 
l.evorotatory  substances,  e.g.  other  specimens  of  quartz,  tur- 
pentine, quinine  in  alcoholic  solution',  &c. 

To  determine  the  amount  of  rotation  caused  by  any  sub- 
-i.incc.  it  is  necessary  to  have  an  instrument  wherein  a  ray  of 
li^ht  maybe  polarised,  and  the  position  of  the  plane  deter- 
i.iiiiij  (he  molKulai  lefniclioni  of  a  numWr  of  solid  cnrlion  coinjxjunds,  by 
iiiHilviiig  lliciu  in  chcmioilly  inictive  solvent*  nnd  measuring  ihc  refrncllvi; 
iilico  or  lliic  wlntiung,  llie  values  of  Uie  indices  of  thi.'  tijlvcnt  iieing  knuHn. 
i^  inonnilunr  conc1ui3(»  tluil  lidLher  the  degree  of  coni:enlrn(iun  of  llic  sulutiun, 
iiir  ihc  physie«l  condition  of  Ihe  solid,  eKerl^  any  marked  effect  on  Ihe  refrnctivc 
',  iwer  of  the  dissolved  tuhsunce.  Cooclusiuns  ate  diawii  at  to  tlic  »lrui:turnl 
:  innube  uf  varionsculKni  compoundt;  BtlihI's  general isaiiona,  on  Uic  whole,  bk 

The  wme  chemist  (sm  nUtracl  in  Her.  IT.  ft.  t  j; ;  the  nbstracts,  r,-firan,  in 

\BtTitklt  iMgiiiniiig  with  vol.  17  mrc  paged  separately  liom  llie  otiginiil  papen) 

b  Ulempted  to  iletetmlne  (i)  foi  variaus  mclals,  by  finding  (R)  for  variuu^  salts 

B'Ca'^n  adds  uul  deducting  (K)  for  the  acids.     His  numbers  |Kii[it  to  the 

at  ia  k  'group'  ol  ineluls  (u  'group'  is  u>icd  in  the  classiriririton 

d  im  KiG  pciioilic  law)  [t|  increases  as  the  atomic  weights  of  llie  iiielais 

Kanunaikow  also  Iriei  lo  (Jedacc  valuet  fix  (R)  for  the  gniups  NO^ 

_  Jtc  and  10  lo  find  the  dlatribation  uf  the  tntcnitoinic  actions  In  sulphates, 

^  kc.     (See  al*o  IluU.  Se<.  dim.  41.  548.) 
y  For  details  ccnieerains  polarised  tight,  and  drcular  pularisation  considered 
I  ihc   pbysicsl    stand -pdnl,  see  Oluebrook's   PkytUal  Ofttii,  chap*,   xi. 
I XIV. 
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mined ;  the  polarised  ray  may  be  passed  through  a  known 
quantity  of  the  medium  under  examination  ;  and  Rnallytbe 
position  of  the  plane  of  the  emergent  ray  may  be  dctep 
mined.  Such  instruments,  known  as po/ariwelers  or polaristr^^ 
bomelers,  are  described  in  detail  in  various  text-boolcs'. 

Let  us  consider  a  liquid  carbon  compound,  say  C,.HJ 
The  angle  of  rotation,  0,  depends  on  (1)  the  thickness  of  tl 
layer  of  liquid  through  which  the  light  passes.  (2)  the  w 
length    of   the    ray  of   light  employed,  and   in   most  1 
(3)  the  temperature  at  which  the  observation  is  made.    Tbq 
first  of  these  conditions  will  be  determined  if  we  know 
length  of  the  column   of  liquid  employed,  and  the  secoiMJ 
is  rendered  definite  by  making  use  of  monochromatic  tight,  j 

Let  /=length  of  column  of  liquid  in  decimetres.  (/=spe 
grav.  of  liquid  referred  to  water  at  4^  and  a  =  angle  of  rotitiofl 
of  plane  of  polarisation  of  light  of  given  wave-length';  then  I 

\a^  =  spctijic  rotatory  power  q{  ^K  liquid,  for  the  gi^'en  ray,= 

That  is  to  say,  the  specific  rotatory  power  of  an  optlalin 
active  substance  is  the   angle   through   which  the  plane  oT 
polarisation  of  a  given  ray  is  rotated  by  passing  through  t 
column  1  decimetre  long  of  a  liquid  containing  i  gram  of  tJi 
substance  in  1  cubic  centimetre. 

For  chemical  purposes  it  is  sometimes  better  to  ado]^ 
the  definition  of  mokcnlar  rotatory  power  \ni\  suggested  tvl 
Krecke',  viz. 

where  m  =  molecular  weight :  m  is  divided  by  lOO  to  obiTiffl 
the  use  of  inconveniently  large  numbers. 
We  have  then 


['«]= 


too'l.d' 

OrgaHie  Cktmiilrj',  }^  ■'  ^ 


'  See  especinllj'   Armsirong  and   Gi 
anil  also  Waiu's  Dittioitary,  3rd  Bnpplt, 

'  It  is  costomary  lo  indicatr  Ibe  liglil  employed  by  placing  1  leuet 
liraelcel ;  lhu!>  [>]»  means  spec.  lotdlory  povrel  for  light  of  wave-lenglti  A 

■  7./„/r.«.  a,.„i  1.1.  «.  li. 


L  tV.  g  I44l        SPFXIFIC   ROTATORY    rt)WEK. 


301 


E 

^m  If  the  substance  to  be  examined  is  a  solid,  it  must  be 
Fdissolved  in  an  optically  inactive  menstnium.  In  such  a  case, 
/=length  in  decimetres  of  column  of  solution  employed. /  = 
grams  of  optically  active  substance  in  100  grams  of  solution 
(i.e.  gram-percentage  composition),  and  i/=spec.  grav,  of 
solution  referred  to  water  at  4;  then /*,(/:^(r=concentration, 
i.e.  grams  of  active  substance  in  lOO  c.c.  of  solution;  and, 
assuming  that  the  solvent  has  no  influence  on  the  rotatory 
power  of  the  dissolved  substance. 

As  the  value  of  [0]  generally  rises  as  temperature  rises', 
thermometric  observations  must  be  made.  The  value  of  [a] 
also  varies  with  variations  in  (i)  the  nature,  and  {2)  the 
quantity,  of  the  inactive  solvent  employed ;  the  preceding 
formula  therefore  gives  only  the  apparent  specific  rotatory 
power  of  the  solid  substance. 

That  [-j]  varies  according  to  the  nature  of  the  solvent  is 
shewn  by  Hesse's  observations  on  turpentine  oil'; 

(CiSl.J   '         liniiiiintof'mtyennariedineiehcaKlroiniDptraint  iDsoperMBl.) 

Inji.       37*01  ;    37°035  to  3a°-486  ;  37°''94  to  39''-449  I  37°I48  Lo  4o"'222. 
The  following  numbers'  illustrate  the  dependence  of  [a] 
1  the  amount  of  solvent  employed; 

Value  of  [o]o 


Tartiiric  acid 

+   14°-I8 

Codeine 

-  137''7S 

Qiiimnc 

- 169^25 

3-20 

iii°'So 
1  i6°o 


.0-98 
26-25 


I  Landolt  (/of.  cit.)  has  shewn  that  the  true  value  of  [a] 
I  a  solid  or  liquid  may  be  found  in  many  cases  from  a  oum- 
t  of  observations  made  with  solutions  of  varying  concen- 
jb'on;  the  more  concentrated  the  solution  the  more  nearly 

E  For  Dumben  illustralive  of  this  in  Ihe  case  of  aqueous  dilutions  of  larlaric 
|scc  M'V.  Snt  fiopplt.  1 109. 

AiinaltnVli.  ^anA  iSg:  see  iJm  Landoll'a  Handbont  of  Ifu  Pelari- 
■{lln|;li>li  Uanslution),  54— ^4<    Tbis  book  presents  2  vieu'  of  Il>e  wliole  tuliject 
£ulv  polaiiralion,  chemicall)'  considerctl.    Sec  nlsn  l^nilnll.  Bcr.  31.  lyi,  ^H 

I  l^tuloli.  ht.  tii.  ^ 
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does  the  value  found  for  [a]  approach  the  true  value,  i.e.  the 
more  nearly  does  the  observed,  agree  with  the  true,  specific 
rotatory  power.  It  is  better  to  use  several  solvents  and  make 
a  series  of  observations  with  each;  the  value  deduced  for  [i] 
is  generally  the  same  for  each  solvent. 

The  nature  and  extent  of  the  variations  in  [a]  caused  b>' 
varying  the  quantity  of  solvent  appear  to  differ  for  each 
optically  active  solid  substance*;  in  some  cases  the  relation  is 
very  complicated,  in  others  it  may  be  expressed  by  a  com- 
paratively simple  formula^ 

That  the  observed  and  calculated  values  of  [a]  agree 
closely,  provided  a  sufficient  number  of  observations  is  made, 
is  evident  from  these  results  (Landolt) : — 

( ajo  calculated  from  observations  on  mixtures  with 

Active  substance.       [<*Jd  observed        (i)  (2) 

CH,OH      CH,OH 

8"'3i        8**-27       8°-42 


Dextrorotatory  | 

ethyl  tartrate  J 

Dextrorotatory ) 

turpentine 
Laivorotatory 
turpentine 


I  37'oi  36"-97 

Laivorotatory    )  ,  «  z:  o  0- 

.      .       ^     }  16^-55  160-83 
nicotine        J 


(3) 

H,0 

(4) 

(5)     iiuz.(£ft 
CH,cb,H 

8'o9 

— 

-•23 

+  72 

36-97 

36-89 

-12 

6i*''29 

— 

-72 

The  true  specific  rotatory  powers  of  camphor,  cane  sugar, 

^  The  following  numbers  illustrate  this  statement  (Landolt,  /oc.  cit,  8 j) : 

r«in  for  ^*^'*  '**' 

Active  substance.  Solvent.  J^  afh*tanr»  maximum  Diffotiioc. 

l»urc  Miusuui^^.  dilution. 

Ifovorotatory  turi)entinc  alcohol  36°'97  38^79  "^    *^*^' 

dextrorotatory       „  ,,  H^'W  i5°*35  "♦■   »">^ 

,  .  ,         .    .•  falcohol         i(So°*83  i38°-59  -«r'i4 

liLvorotatory  nicotmc \  ,«  o  «oJ 

'  (water  i6i°'29  74   13  -8;^*ifi 

.1.  I  *    •    *     (alcohol  8°-27  io*''i9  +   r*9i 

dextrorotatory  ethyl  tartrate  \  „_     '  ^    ^  . ' 

'       '  (water  8°o9  iS^'ii  +20°-03 

'  Thus,  for  solutions  of  turpentine  in  alcohol,  Landolt  gets  the  formula 

[o]p  =  36°*974  +  -0048164^  +  000 1 33 1^ 
where  ^  =  percentage  of  inactive  solvent.     (For  more  details  see  I^andoU,  loc, 
cit.  81—94.)     For  dry  inverted  sugar  Grubbe  {Ber,  18.  2107)  finds  the  followiiig 
formula  when  /°  varies  from  0°  to  30° ; — 

[ttK  =  -  «3°*305  +  '30406  (/  - 10)  +  -001654  (/  - 10)*. 
For  a  fuller  treatment  of  the  methods  employed  for  finding  the  true  vaJiie  of 
fa]  from  observations  on  solutions,  see  DUU  Srd  BlipiAi.  \i\i — 1913;  bIbo  Landoki 
Her.  21.  191. 
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and  dcxtroglucose,  have  been  determined  by  Landolt,  Tollcns, 
and  Schmitz'.  But  1  think  it  should  be  noted  that  the  obser- 
vations on  which  is  based  the  method  Tor  determining  [a] 
were  necessarily  made  with  solutions  of  liquid  compounds  in 
inactive  solvents,  whereas  in  the  cases  of  camphor  and  sugar 
wc  have  to  deal  with  solutions  of  solid  substances ;  it  is 
possible  that  the  value  of  [a]  for  liquid  camphor  may  be  diffe- 
rent from  that  for  solid  camphor'.  It  should  also  be  observed 
that  any  deductions  concerning  the  relations  between  specific 
rotatory  power  and  molecular  structure,  drawn  from  a  study 
of  liquid  compounds,  could  not  be  applied  in  a  precise  manner 
to  solid  compounds,  assuming  the  true  value  of  [a]  for  these 
compounds  to  be  known. 

In  attempting  to  trace  relations  between  the  specific  rota- 
tory power  and  the  composition  of  compounds,  we  must  dis- 
tinguish relationships  between  [a]  and  the  composition  of 
mnlecules  whose  empirical  formula;  at  least  are  known,  from 
'i  se  between  the  same  constant  and  such  mixtures  of  mole- 
'us  in  var\'ing  proportions  as  are  presented  by  solutions  of 
-  -Jiying  concentration, 

For  although  in  the  latter  cases  no  precise  conclusions  can 

>e  drawn  regarding  the  relative  arrangements  of  the  atoms  in 

'^'^   molecules,  yet  the  study  of  specific  rotatory  power  may 

![>  to  throw  light  on  such  general  questions  as  the  action  of 

■  icnts,  the  distinction  between  chemical  and  physical  change, 

"  1  so  forth. 

Pribram'  has  determined  [a]  for  aqueous  solutions  of  cane 
:;ar,  tartaric  acid,  and  nicotine,  with  the  result  that  [a]  does 
*'-  become  constant  even  in  very  dilute  solutions*.  Pribram 
'  iiks  that  this  result  is  more  in  keeping  with  the  hypothesis 

'See  Landolt,  hr.   eU.   S4— 91 :    Tollcns,   and   SchmiU   in   Bfr.   9.   i<;]i  : 
A  do-  141+' 

to  thai  fused  liquid  tailaric  acid  is  markedly  dextrorotatory.  Init  the 
A  add  ii  feeblf  Ixvorotary  {Diet.  3rd  Snpplt.  1709).     L.andah's  value  at 
t  •olit!  c«mphoi  it  i5°'6  (see  Diet,  lac.  tit.  374):   while  Qema  olMnined 
>'']3  Tor  fiued  cimphot  {lU.  do.  p.  iioq). 
r.  SO^  1S40, 

t  nod  dDulc  tolillioiis  luied  were,  '111  p.cl.  Tor  civile  tiigar.  '.1471  p.ri. 
k  ftdil,  Rnd  -Mid  puct.  for  nicotine. 
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that  the  solvent  brings  about  some  gradual  change  in  I 
configuration  of  the  atoms  forming  the  molecule  of  the  dii 
solved  compound,  than  with  cither  of  the  other  hypothes 
that  have  been  suggested,  one  of  which  asserts  that  the  mole 
culcs  of  the  solid  consist  of  aggregates  of  true  molecules,  aiw 
that  these  are  separated  by  the  solvent,  and  the  other  suppose 
that  the  solvent  forms  a  series  of  compounds  with  the  dissolve) 
substance,  which  compounds  are  of  difierent  rotatory  powcn 
and  vary  in  quantity  with  variations  in  the  relative  amount: 
of  the  solvent  and  the  dissolved  substance. 
146  All  known  compounds  which  possess  the  power  of  i 
tating  the  plane  of  polarisation  of  a  ray  of  tight  when  t 
the  liquid  state  or  in  solution  are  compounds  of  carboni 
van't  HofiT",  following  in  the  steps  of  Le  Bel',  has  endeavoured 
to  trace  a  precise  connexion  between  the  molecular  structure 
of  these  compounds  and  their  rotatory  power.  The  hj-po^ 
thesis  of  Le  Bel  and  van't  Hoff  connects  optical  activity  « 
the  presence  of  one  or  more  asymtnelric  carbon  atoms  in  th« 
molecule  of  the  optically  active  body.  The  definition  of 
an  asymmetric  carbon  atom  implies  the  conception  of  the 
arrangement  of  atoms  in  three  dimensions  in  space.  An 
atom  of  carbon  is  supposed  to  be  situated  at  the  centre  o 
a  regular  tetrahedron,  and  to  be  in  direct  union  with  four 
atoms  or  radicles  situated  at  the  four  summits  .of  the  tetra- 
hedron ;  when  these  four  atoms  or  radicles  are  all  differenl, 
two  geometrically  different  forms  of  the  configuration  tnVf 
Fig.  46.  Fig.  «7. 


•  References  ic 

Tl  Pribram's  paper. 

•  La  Ciimit  ilans  CKspaie!  nnd  m 
887,  entilied  Dii  An>Ufs  dans  Chislo, 

"  Bull.  So..  Chim.  33.  ni^ ;  as.  59: 


which  these  hypolheses  uc  disciuscd  will  tafai 
ilarly  in  a  pamiihlei  pnblnM 


^a\ 
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exist.  These  two  forms  bear  to  each  other  the  relation  of  an 
object  to  its  image ;  neither  is  supcrposable  on  the  other 
fB.  figs.  46  and  47).  An  atom  of  carbon  related  in  this  way 
to  four  different  radicles  is  said  to  be  asymtne/tic,  because 
there  is  no  symmetry  in  the  configuration,  while  at  the  same 
time  a  plane  of  symmetrj.*  arises  so  soon  as  two  of  the  four 
radicles  are  the  same. 

Any  compound  containing  an  asymmetric  carbon  atom 
may  exhibit  geometrical  isomerism  :  each  isomeride  will  differ 
from  the  other  in  rotatory  power,  and  if  the  isomcrides  arc 
crystailisable  they  will  assume  cnantiomorphous  (non-super- 
posable)  forms.  Ammonium  malate,  for  instance,  crystallises 
in  two  cnantiomorphous  forms,  as  represented  in  figs.  48  and 
49;   these  crystals   differ   exactly   in   the   same  way  as  the 


Fig.  48. 


^ 


fig-  49- 


molecules  of  the  two  isomerides  are  supposed  to  differ.  Many 
other  optically  active  compounds  shew  differences  in  rotatory 
;»iwer  accompanied  by  the  power  of  crystallising  in  enantio- 
niorphous  forms'. 

We  should  expect  then  to  find  all  those  compounds  opti- 

illy   active   the   molecules  of  which  contain  one  or   more 

ymmetric  carbon  atoms,  and  also  to  find  that  all  optically 

tivc  compounds  contain  asymmetric  carbon  atoms. 

So  far  as  investigation  has  gone,  the  molecule  of  every 

[npound  which  exhibits  rotatory  power  contains  at  lea.st 

6  carbon  atom  in  direct  union  with  four  different  radicles'. 

following   formulae,   in   which    the   asymmetric   carbon 


'  Van"!  HofTs  A.r  Ann/it...  p.  30. 
*  For  lUulls  ci(  IniUviiliml  cuinpuuinls 
,   H.C 


't  lloff,  /.  r.  pp.  31— ^H. 
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Both  formula  are  symmetrical,  but  the  structure  repre- 
sented by  one  is  the  reflection  or  image  of  that  represented 
by  the  other.  The  isomeride  represented  by  one  of  these 
formula  ought  to  rotate  the  plane  of  polarisation  to  the  right, 
and  the  other  isomeride  ought  to  rotate  the  plane  an  equal 
amount  to  the  left.  A  mixture  or  compound  of  these  isome- 
ridcs  in  equal  molecular  proportions  would  be  optically  in- 
active, because  every  dextrorotatory  molecule  would  be 
opposed  by  a  Isvorotatory  molecule,  But  such  a  mixture 
or  compound  would  be  resolvable  into  a  dextrorotatorj'  and 

Iivorotatory  isomeride. 
Unsymmetrical  compounds  containing  asymmetric  carbon 
Tis  must  be  active,  or  if  inactive  they  must  be  resolvable 
h  into  two  isomcridcs  of  opposite  rotatory  powers. 
Inactive  compounds  which  are  resolvable  into  two  isome- 
;s  of  equal  and  opposite  activities  are  said  in  the  ISnguage  of 
't  HofTs  hypothesis  to  be  ifiactive  by  external  compensation. 
Now  let  the  structure  represented  by  the  formula 
(RjRjRi)  C.C(R,R,R3) 
considered'.    Each  half  of  this  molecule  is  the  complement 
reflected  image  of  the  other;  one  half  will  neutralise  the 
ical  activity  of  the  other  half;  the  whole  will  be  inadive 
mternal  compensation. 
A  compound  which  is  inactive  by  internal  compensation 
st  contain  at  least  two  asymmetric  carbon  atoms,  and  the 
mula  must  be  symmetrical.     The  hypothesis  asserts  the 
existence  of  such  inactive  compounds,  and  declares  that  they 
cannot  be  resolved  into  active  isomerides  because  their  in- 
activity is  the  result   of  the  atomic   configuration   of  their 
molecules,  and  is  not  produced  by  the  opposition  of  molecules 
of  dextrorotatory  power   to   an   equal  number   of  isomeric 
molecules  of  lasvorotatory  power, 

The  hypothesis  of  van't  Hoff  divides  compounds  containing 
asymmetric  carbon  atoms  into  three  classes : — 

1(1)  Those  which  are  optically  active;  such  compounds 
are  produced  in  pairs  consisting  of  a  dextrorotatory 
■  Modelsoflhcdill* 


■  in  pnsteboani  arv  helpful. 
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and  a  lEevorotatory  isomeride ;  they  are  either  sym 
metrical  or  un  sym  metrical. 

(2)  Those  which  are  inactive  but  may  be  resolved  into 
two  isomerides  of  equal  and  opposite  rotatory  powers; 
they  are  inactive  by  externa!  compensation. 

{3)  Those  which  are  inactive  and  non-resolvable;  they 
are  inactive  by  internal  compensation, 

Van't  Hoff  [i.e.  pp.  54 — 55)  shews  that  an  unsymmetrical 
compound  containing  «  asymmetric  carbon  atoms  may  exist 
in  2"  optically  different  modifications,  and  that  a  symmetrical 
compound  containing  «  asymmetric  carbon  atoms  may  have 
J2"  active  isomerides,  and  ^2'  inactive  non-resolvable  isome- 
rides'. 

There  are  three  general  methods  for  separating  inactive 
resolvable  bodies  into  their  dextrorotatory  and  laevorotatory 
isomerides. 

In  the  first  method  advantage  is  taken  of  the  difference 
between  the  actions  of  some  minute  organisms  on  the  two 
active  isomerides.  For  instance,  when  peniciUiiim  is  allowed 
to  act  on  a  dilute  solution  of  ammonium  racemate,  IsvoroU- 
tory  tartrate  of  ammonium  is  found  in  the  liquid  after  a  time, 
the  isomeric  dextrorotatory  tartrate  being  destroyed  by  the 
action  of  the  organism. 

The  second  method  proceeds  by  treating  the  inactive  com- 
pound with  an  active  body  with  which  one  of  the  bomerit 
constituents  of  the  inactive  compound  combines  more  readilj 
than  the  other.  For  instance,  crystals  of  la;vorotatory  tartratt 
of  cinchonine,  and  a  solution  of  dextrorotatory  tartaric  t 
may  be  obtained  by  adding  the  proper  quantity  of  activt 
cinchonine  to  a  solution  of  racemic  acid,  and  crystallising. 

The  third  method  consists  in  separating  the  inactive  body 
into  two  active  isomerides  by  crystallisation  at  a  definite 
temperature.  For  instance,  when  a  solution  of  racemic  acid 
is  neutralised  by  soda  and  another  equal  quantity  by  ammonia, 
and  the  solutions  are  mixed  and  evaporated  at  a  temperatoR 
a  little  below  28°,  crystals  both  of  dextrorotatorj'  and  I*von>- 

I   M.iiiy  .ijiplienliiim  arc  given  in  pi>.  fs— 61  "f  ™n''  HoJTs  /Vr  Amtikt,  *• 
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»rj' sodium-ammonium  tartrate  are  obtained'.  Van't  Hoff' 
I  has  shewn  that  the  change  from  sodium-ammnnium  racemate 
to  the  two  tartrates  is  accomph'shed  by  healing  the  dry  salt 
with  water  in  the  ratio  NaNH,.  H,Cp^.  H,0:  3H,0  toa  little 
under  27';  and  that  the  change  from  the  two  tartrates  to 
the  racemate  (and  water)  is  effected  by  heating  the  dry 
mixture  to  a  little  above  27°.  The  changes  may  be  repre- 
sented thus  (the  racemate  crystallises  with  H,0  and  the  tar- 
trates with  4H,0): 

2[NaNH,.H,C,0,.4H,0)3S:2{NaNH,.H,C,08.H20)+6HjO. 

Slight  variations  of  temperature  above  or  below  2f  deter- 
mine the  direction  in  which  the  change  occurs.  Some  other 
raccmates  appear  to  undergo  change  to  tartrates  at  a  definite 
temperature*. 

The  change  of  inactive  racemates  to  the  active  tartrates 
and  vice  versa  is  closely  analogous  to  some  changes  which 
occur  among  inoi^anic  compounds;  for  instance,  when  a 
mixture  of  the  sulphates  of  magnesium  and  sodium  in  mole- 
cular proportion  is  heated  a  little  above  21^  it  is  changed  to 
a  double  sulphate  and  wafer,  and  at  a  little  under  21°  the 
double  sulphate  is  resolved  into  the  two  single  sulphates:^ 
MgSO,.7H,0  +  Na,S0(.IoH,O  *i  MgNi,(SO.)i.  4H,0-H3HiO. 

The  process  of  resolution  by  heat  of  the  inactive  racemate 
is  also  very  analogous  to  the  physical  process  of  fusion ;  and 
as  one  speaks  of  the  fusion-point,  so  van't  Hoff  uses  the 
expression  transilion-poinl  to  indicate  the  temperature  at 
which  the  chemico-physical  change  in  question  occurs'. 
^7  The  hypothesis  of  van't  HolT  and  Le  Bel  connects  the 
power  of  rotating  the  plane  of  polarisation  of  a  ray  of  light 
primarily  with  the  configuration  of  the  pa^ts  of  molecules,  but 
it  points  to  the  formation  of  molecular  aggregates  without 
change  of  molecular  structure  as  a  cause  of  the  removal,  or 
rather  disappearance,  of  optical  activity.  Optical  activity 
appears  to  be  independent  of  the  nature  and  number  of  the 

'  Vol  cnunplo  of  Ihc  application  of  (he  three  methoils,  see  van't  IlolT,  /.  c. 
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'I  Hofl,  /.  I.  p.  Sg. 
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atoms  which  form  the  molecule  of  a  carbon  coinpK>und,  and  to 
be  connected  only  vdth  the  configuration  of  these  atoms.  We 
cannot  assign  a  definite  part  of  the  total  rotatory  power  of  a 
compound  molecule  to  each  of  the  atoms  or  even  groups  of 
atoms  which  form  the  molecule ;  nor  can  we  connect  the 
rotator)'  power  with  changes  of  x-alency  or  with  changes  in 
the  distribution  of  the  atomic  interactions,  except  in  so  far  as 
these  are  concerned  in  changes  from  a  configuration  contain- 
ing asymmetric  carbon  atoms  to  another  configuration  which 
does  not  contain  such  atoms. 

The  specific  rotator^'^  powers  of  many  compounds  readily 
undergo  change  when  small  changes  occur  in  certain  physical 
conditions.  Some  active  bodies  become  inactive  by  heating, 
and  at  another  temperature  the  change  is  sometimes  reversed. 
The  value  of  [a]  of  a  solution  of  an  active  body  in  an  inactive 
solvent  is  dependent  on  the  nature  and  the  quantity  of  the 
solvent.  The  addition  of  one  inactive  solvent  to  the  solu- 
tion of  an  active  body  in  another  solvent  is  sometimes 
accompanied  by  a  great  change  in  the  rotatory  power  of  the 
liquid  ;  thus  about  one  half  of  the  alcohol  in  an  alcoholic 
solution  of  cinchonine  may  be  replaced  by  chloroform  without 
much  change  of  rotatory  power,  but  if  as  much  as  ^^.Tth  of 
the  chloroform  in  a  solution  of  the  same  alkaloid  in  this 
solvent  is  replaced  by  alcohol  a  marked  change  in  rotator)' 
power  occurs*.  Again,  the  rotatory  power  of  a  body  in  solu- 
tion sometimes  changes  on  keeping  until  a  constant  value  is 
attained;  thus  the  value  of  [a]  for  a  freshly  prepared  aqueous 
solution  of  milk  sugar  or  certain  glucoses  decreases  on  keep- 
ing, and  the  final  value  is  more  quickly  attained  by  boiling 
the  liquid*. 

This  readiness  to  change  shewn  by  the  rotatory  powers  of 
carbon  compounds  finds  some  explanation  in  van't  HofTs 
hypothesis,  especially  in  the  development  of  it  made  by 
Wisliccnus.  For  Wislicenus  shews*  that  besides  those  con- 
figurations which   are  conditioned    by  the   affinities  of  the 

1  Watts's  Diet.  8rd  Snpplt.  izio. 

'■^  LandoU^s  Handbook  of  the  Polariscopts  p.  6a. 

'  Sec  atUt^  par.  94. 
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atoms  of  a  molecule  containing  asymmetric  carbon  atoms,  other 
configurations  will  probably  exist  which  will  be  relatively 
unstable,  and  that  the  existence  and  number  of  these  will  be 
conditioned  by  the  action  of  heat  and  by  collisions  with  mole- 
cules of  other  kinds ;  as  these  unstable  forms  are  only  geome- 
trically different  from  the  stable  configurations  they  will  be 
optically  active,  but  their  rotatory  power  will  not  probably  be 
the  same  as  that  of  the  stable  form. 

Krccke'  has  endeavoured  to  generalise  the  relations  be- 
tween the  molecular  rotatory poivers^  [«/]  of  certain  compounds 
and  of  their  active  derivatives;  but  the  data  arc  insufficient. 
48  A  large  number  of  measurements  of  the  rotatory  power 
of  compounds  when  under  magnetic  influence  has  been  made 
by  Perkin*.  The  liquid  compound  to  be  examined  was  placed 
in  a  glass  tube  the  ends  of  which  were  let  into  the  poles  of  a 
large  electromagnet ;  the  tube  formed  part  of  a  polariscope. 
Sodium  light  was  employed. 

A  great  many  compounds  exhibit  optical  activity  under 
these  conditions. 

Perkin  measures  the  rotations  of  liquid  compounds  and 
refers  the  results  to  lengths  of  liquids  related  to  each  other  in 
the  same  proportion  as  the  molecular  weights  of  the  gases 
obtained  by  vapourising  these  liquids. 

The  molecular  rotation  of  water  is  taken  as  unity.  Lotr  = 

I'bserved  rotation  of  a  specified  compound  and  /  =  rotation 

()f  water;  let  A/"?4'=  molecular  weight  of  the  compound  and 

J/a-' =  molecular  weight  of  water;  and  let  i/=spec.  grav.  of 

the  compound  and  if  =  spec.  grav.  of  water  [=  l];  then  mole- 

, .  f  .   T, ,     r .  Mw     r'.  Mw 
cular  rotator}'  power  (Mol.  K)  =  - — j —  -; -p— 

_  r.Mto.d 

'  y./-rfFail.Chmu,{t).i.6.  See  alioFlnrilsky,  >5r^r,  15.5;  Th.  Tlioins«n, 
Bir.  It.  lids,  1164,  1169;  14.  19,  134,  loj,  807,  1647:  Mid  ogAiiut  him, 
L-uuluK,  Btr.  1«.  196,  1048. 

*  See  auU,  p.  300. 

i.  ytarnal.  Ttsn;.  1884.  ,:i:  1896.  ^^T.  18S7.  »o8. 
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About  150  compounds  were  examined,  the  observation  ol 
r  being  repeated  five  to  ten  times  for  each  compound,  and  tho 
spec.  grav.  of  each  being  carefully  determined. 

In  strictly  homologous  normal  carbon  compounds  each 
increment  of  CH,  produces  a  constant  increment  (l-oas)  ta 
molecular  rotatory  power.  But  when  the  addition  of  CH,  i 
accompanied  by  a  change  in  the  distribution  of  the  atomic 
interactions  the  change  of  Mol.  R,  is  not  constant ;  for  in- 
stance, the  change  from  a  normal  paraffin  CH,.hCH,.CH,  to 
the  next  higher  isoparaffin  CH(CHJ,,hCH,,  CH,  produces 
an  increase  in  Mol.  R.  equal  to  1-023 +105;  in  the  change 
from  a  norma!  acid  to  the  next  higher  iso-acid  of  the  same 
series,  CH,  has  a  different  value;  and  soon.  When  chlorine  is 
substituted  for  hydrogen  in  a  hydrocarbon  the  molecular 
rotatory  power  is  increased,  but  each  chlorine  atom  has  a 
different  value  from  the  others. 

These  results  indicate  that  the  molecular  rotatory  power 
of  a  compound  is  not  the  sum  of  certain  constant  values 
assignable  to  each  atom  or  atomic  group,  but  that  it  depends 
on  the  arrangement  of  the  atoms  which  form  the  molecule, 
This  result  is  confirmed  by  the  outcome  of  attempts  to  assign 
values  to  the  atomic  rotatory  powers  of  oxygen  and  carbon. 
The  atomic  rotatory  power  of  hydrogen  may  be  deducnl 
thu*:— 

(1)  Mol.  R.  of  C.Hi,  +  ,=  Mol.  R,  of/iCH,  +  H,; 
but  Mol.  R.  of  i»CH,=«  1023. 

The  value  thus  deduced  for  At.  R.  of  H  is  '254. 

,    ,  Mol.  R.  of  C.Hfc-,         ,,    ,    n       r  f    M 

(2) --'^^  =  Mol.  R.of C.H»..i; 

then  Mol.  R.  of  C.H,.t,-Mol.  R.  ofCH*,,, 

=At.  R.  of  H,  if  ii=m; 

[LK,      Mil  R-'fCH..  _  j.j^j^Mdl  R.  of  CH,  i 
bul     Mol,  R.  of  C,H,-3'577,  .•   At.  B-  o/  H  =  -jjiT, 

The  value  ihus  deduced  for  At  K,  of  H  is  ■254. 
The  difference  between  -508  (At.  R.  of  H  =  "254)  and  nJlJ 
(Mol.  R  for  CH,  in  normal  homologous  series)  gives  thcniu"' 


Oxygen  in  alcoholic  OH  A(.R.  =  'ig4, 

Oxygen  in  carboxylic  OH     ,,     ='i37. 

Oxygen  in  carboxylic  CO     „      =26i. 
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ber  '515  as  the  atomic  rotatory  power  of  carbon  in  normal 
homologous  series.     Similar  methods  are  applied  to  the  data 

Ifer  oxygen  compounds,  and  the  results  are  these; — 
f   When  these  values  are  applied  to  calculate  Mol.  R.  for  series 
different  from  those  which  furnished  the  data,  numbers  are 
obtained  which  do  not  agree  with  the  observed  numbers. 

Nor  can  a  constant  value  be  found  for  the  atomic  rotatory 
power  of  chlorine;  the  value  varies  according  to  the  series  of 
compounds  considered,  according  as  one  or  two  hydrogen 
atoms  are  replaced  by  one  or  two  chlorine  atoms,  according 
as  the  hydrogen  replaced  is  in  one  part  of  the  molecule  or 
in  another  part,  and  so  on. 

The  general  conclusion  is  that  change  of  molecular  rota- 
lory  ix>wer  of  carbon  compounds  under  magnetic  influence  is 
intimately  connected  with  changes  in  molecular  structure,  so 
that  any  cause  which  alters  this  structure  also  alters  the 
rotatory  power. 

Perkin  attempts  to  use  determinations  of  Mol,  R,  for  various 
compounds  formed  by  the  action  of  water  on  other  compounds 
for  throwing  light  on  the  question  whether  these  compounds 
arc  hydrates,  i.e.  compounds  of  water,  or  compounds  of  oxygen 
and  hydrogen  with  other  elements. 

In  all  measurements  of  Mol.  R.  the  molecular  rotatory 

jx)wer   of  water   under  the  magnetic  influence  is  taken  as 

unity;  if  therefore  a  compound  is  formed  by  addition  of  water 

to  another,  Mol,  R.  for  the  new  compound  miglil  bo  expected 

to  be  equal  to  tliat  for  the  original  compound  plus  one  for 

each  molecule  of  water  added;  if  the  observed  Mol.  R.  is  less 

than  Mol.  R.  thus  calculated,  the  difference  may  be  explained 

I     by  supposing  that  the  formation  of  the  new  compound  has 

^^bvolved  a  rearrangement  of  the  atoms  of  the  reacting  mot^ 

^^Btes.     Here  arc  a  few  examples  of  the  application  of 

^fc^^WWl  -- '-^ 
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HCO,H.H,0 

Mnl.  R 

observed  =  2'666     Mnl 

R.HCO,H  +  t 

CHjCO.H .  H.O 

■■ 

3554 

CH,C0,H  +  1 

CHjCHjCO^H.H.O 

„ 

4-512 

CHjCH,CO,H 

+  i=4'46i- 

HaSOi 

„ 

2-315 

H^O,.    HjO 

3' 188= Mo! 

R.  H.Sa,+  -8-3 

H,S0,.2H,0 

■' 

4113=       , 

H,SO,.H,0 

H,S0,.3H,0 

,. 

5064=       . 

H^04.iH,0 

+■951. 

Perkin  considers  that  the  bodies  formed  by  adding 
water  to  formic  acetic  and  propionic  acids  are  either  hydrates 
of  these  acids,  or  only  mixtures;  but  that  a  compound  of  sul' 
phur  oxygen  and  hydrogen  [perhaps  SO(OH)J.  and  not  a 
hydrate  of  sulphuric  acid,  is  produced  when  sulphuric  acid 
and  water  react  in  the  ratio  H,SO,  :H,0.  The  dilTerence 
between  Mol.  R,  for  some  organic  anhydrides  and  MoL  R,  for 
the  corresponding  acids  averages  about  74;  in  other  words, 
the  combination  of  a  molecule  of  water  with  an  anhydride  to 
form  an  acid  raises  Mol.  R.  by  about  74;  hence,  Perkin 
argues,  when  H,0  is  added  to  11,50,  the  change  which  occurs 
is  so  far  analogous  to  that  of  the  conversion  of  an  anhydride 
into  an  acid  that  it  cannot  be  regarded  as  a  simple  hydration 
of  sulphuric 

The  following  data  lead  to  the  conclusion  that  chloral' 
hydrate  is  not  a  compound  of  chloral  and  water,  but  that  the 

teaction  between  these  compounds  involves  a  rearrangement 
)f  some  of  the  atoms  of  the  reacting  bodies: — 
Mol.  R.  orCCl,.CH0  1i»juid=6'S9i 
Mean  Mol.  R.  of  liquid  CCI,.  CHO.  H,0=7'o37 
Increase  in  Mol.  R.  for  combination  of  H,0  =  '446, 
Researches  on  the  relations  between  the  composition  and 
,he  absorption -spectra  of  carbon  compounds  have  been 
Jucted  by  Hartley'.    From  the  results  thus  obtained,  Hartley 
:oncludes,  tliat  the  normal  alcohols  C„H„^, .  OH  are  rcmarlt- 
; 


'  /WiV.  TVans.  ITO,  157.     See  also  C.  S-  yeuma 
See  also  report  of  the  B.A.  cummiltce  un  Speclnim 
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^Kb]y  tfciiisparent  to  the  ultra-violet  rays — methylic  alcohol 
^^ransmits  all  rays  up  to  wave-length  2000,  but  octylic  alcohol 
transmits  nothing  beyond  3464;  that  a  normal  acid  of  the 
C.H„„  CO,H  series  always  exhibits  a  greater  absorption  of 
the  more  refrangible  rays  of  the  ultra-violet  spectrum  than  the 
normal  alcohol  with  the  same  number  of  carbon  atoms; 
and  that  in  both  alcohols  and  acids  addition  of  CH,  is  accom- 
panied by  increased  absorption. 

From  an  examination  of  the  absorption -spectra  of  very 
many  carbon  compounds,  Hartley  concludes,  that  absorption- 
bands  are  never  present  in  the  ultra-violet  part  of  the  spec- 
trum obtained  by  passing  light  through  a  compound  in  the 
molecule  of  which  the  carbon  atoms  are  arranged  in  an  'open 
chain',  but  that  such  bands  are  present  in  the  absorption- 
spectra  of  all  benzene  derivatives.  Inasmuch,  however,  as 
benzene  hexachloride  C,H,C!,  is  very  transparent,  and  exhi- 
bits no  bands,  it  would  appear  that  the  mere  closing  of  the 
chain  of  carbon  atoms  is  not  the  sole  condition  necessary  for 
the  production  of  absorption -bands.  Hartley  tln'nks  that  each 
carbon  atom  must  be  in  direct  union  with  at  least  three  other 
carbon  atoms. 

This  supposition  is  in  accordance  with  the  observation 
that  solutions  of  naphthalene,  anthracene,  and  phenanthrene, 
in  transparent  media,  shew  absorption-bands,  similar  to,  but 
lower  in  refrangibility  than,  the  benzene  bands ;  and  that 
these  solutions  likewise  exhibit  much  more  intense  absorption 
than  benzene. 

Terpenes  (C,„H|^  and  camphor  (C,jH,gO)  exhibit  more 
intense  absorption  than  compounds  of  the  paraffinoid  group, 
but  no  bands  appear  in  the  spectra  of  the  light  transmitted 
by  these  compounds;  hence  their  molecular  structure  appears 
to  be  related  on  the  one  hand  to  the  paraffinoid  and  on  the 
other  hand  to  the  benzenoid  group  of  compounds. 

By  taking  advantage  of  the  differences  in  the  character 
uf  the  absorption  exhibited  by  different  compounds — e.g.  the 
character  of  the  absorption- spectrum  of  cymenc  is  very  dif- 
ferent from  that  of  the  terpenes — it  is  possible  to  detect 
iiiinutc  (juantitics  of  certain  compounds  in  presence  of  large 


3iG 


OPTICAL   MliTHOUS. 


[liOUK  L 


quantities  of  others,  and  also  broadly  to  classify  carbon 
compounds  into  groups,  Furtlicr,  by  taking  advantage  of 
the  differences  in  the  positions  of  tlie  bands  in  the  spectra  of 
the  light  transmitted  by  isomeric  compounds,  k  will  be 
possible,  when  sufficient  data  have  been  obtained,  to  de- 
termine the  class  to  which  this  or  that  isomeride  belongs, 
Moreover,  the  gathering  together  of  this  data  will  doubtless 
be  the  means  of  gaining  much  precise  knowledge  regarding 
the  relations  between  the  molecular  structure  and  the  actinic 
properties  of  compounds'.  For  the  experiments  of  Hartley' 
tend  to  the  conclusion  that  although  greater  or  less  absorp- 
tion is  connected  with  molecular  vibrations,  yet  the  spedst 
selective  absorption  characteristic  of  benzenoid  compounds  is 
rather  to  be  connected  with  atomic  vibrations.  These  ex- 
periments also  shew  that  the  mean  rate  of  vibration  of  the 
rays  absorbed  by  molecules  of  naphthalene  and  anthracene^ 
is  less  than  that  of  the  rays  absorbed  by  benzene  molecules, 
and  hence,  remembering  the  similarity  of  the  character  of  the 
absorptions  in  these  three  cases,  it  is  concluded  that  the 
amplitudes  of  the  vibrations  of  the  naphthalene  and  anthra- 
cene molecules  are  greater,  and  the  rates  of  vibratior 
slower,  than  those  of  the  benzene  molecules.  Hence  it  would 
follow  that  the  atomic  vibrations  which  probably  give  rise  t( 
the  observed  selective  absorption  are  closely  dependent  w 
the  vibrations  of  the  molecules  as  wholes. 

Now  if  a  connexion  between  the  vibrations  of  molecules 
and  the  vibrations  of  parts  of  these  molecules  is  established, 
and  if  this  connexion  is  elucidated  by  precise  data,  we  shall 
certainly  have  made  an  important  advance  in  solving  the  fun- 
damental problem  of  chemistry,  which  is  to  trace  the  relation) 
between  the  composition  and  the  properties  of  bodies, 

A  further  step  in  this  direction  has  been  made  by  Abnef 
and  Festing',  who  have  mapped  the  absorption  which  occun 
in  the  infra-red  region  of  the  spectrum,  and  have  thus  been 

'  Fur  the  aiiplicalion  o(  h[s  general  conclufdons  lo  esseiili»l  tnls,  quHiofnei 
hydrocjanic  and  cjanuric  acids,  &c.,  see  Hatiley,  C.  S.  yaunm!  Troni.  (o 
676 ;  do.  Tor  1883.  45 ;  and  Clian.  Mrtvi,  40.  i6g- 

'  C.i.yuHfwa/TtUU.  for  1881.  165—167. 

»  Praf.  /".  S.  31.  <i6,  and  Pit/.  T^ant   tot  1881.  88;. 
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able  to  shew  that  there  is  a  definite  connexion  between  thu 
nature  of  the  atomic  groups  in  the  molecules  of  many  carbon- 
compounds,  and  the  vibrations  of  the  rays  stopped  by  these 
compounds'. 

Section  III.    Methods  based  on  determinations  of  tlic  molecular 
volumes  of  compounds'. 

50  The  quotient  obtained  by  dividing  the  formula-weight  by 
the  specific  gravity  of  a  compound  (referred  to  water  at  4")  is 
generally  called  the  specific  volume  of  that  compound.  The 
term  specific  volume,  however,  evidently  expresses  the  relative 
volume  of  unit  weight  of  the  substance.  The  quotient  in 
question  is  sometimes  called  the  molecular  volume  of  the  com- 
pound formulated.  This  expression  strictly  interpreted  im- 
plies that  the  formula-weight  is  identical  with  the  molecular 
weight,  and  that  the  specific  gravity  and  formula- weight  are 

'  Kriiss  and  Oeconomiiies  {Ber.  16.  JOji).  and  Kiiiss  {Bcr.  18.  i^ift,  1586), 
have  liaceii  tome  connexton  belween  [be  shifting  of  absorption  towirds  or  nway 
from  ihc  lew  refrangible  pari  of  Lhe  spectnim  and  tht;  sulistilulion  of  hydrogen  in 
l-cn/enoid  eompoands  by  CHg.  Br,  NH^  NO,.  &c.  Reference  mny  liere  be  niadc 
to  a  papei  by  G.  Kiiis;  [Ber.  IB.  1143.  and  U,  lojij  on  an  optical  method  for 
ilirienniiiing  whether  or  not  cbemical  action  has  occurred  between  two  substances 
in  wluliun,  All  the  possible  products  of  the  reaction  being  also  soluble  under  the 
L->iKriminital  conditions.  The  method  consists,  essentially,  in  comparing  the 
Minjs  of  the  abiorption-ipectra  of  the  original  liquids  with  the  absorption-spcclrura 
of  a  miilurc  of  these  liquids. 

'  ll  [nay  be  well  to  gather  together  here  references  In  the  most  important 
artJcloi  and  papers  on  ibc  subject  of  this  section  : — Kopp,  Aniialm  M.  1  jj,  J03  ; 
I0».  rg,  &c.  Bt:FF,  Aunalia  Bupplbd.  4.  119,  and  Ber.  i.  64;.  Thorpe, 
C.  S.  Journal,  TTftBB.  for  1S80.  I41,  317.  L.  Mever.  AniuiUn  Snpplbd,  8.  119; 
■-!»  Oil  •ttaUmen  Tieorien  (4lh  Ed.),  584 — 193;  Eaglhh  Ed.  pp.  ijg-jGy. 
I  i.^iSKUi,  AnnatiH  lU  301.  StaEdel,  Ber.  IS.  ijjg,  Weuilr.  An»aleti  ail. 
'.  J .  KaUSAV,  C.  S.  jBurrial.  TruiS.  for  18T».  463 ;  da  for  1881.  49.  66. 
|j;>sscH,  AHinlm  314>  81.  Compare  oJfo  Schiff,  iiir.  14.  3761;  18.  1170;  19. 
•Cms;  AnnaJen  SM.  71,  176;  WIS.  147.  StHALPiyF.w.  Ber.  10.  1109;  1*.  iSfj. 
XtXDSR.  AnnidtH,  334.  ;6.  LossEN  and  Zander.  AHnalnt,9M.  109.  Lossen, 
t iiulitn.Mt.  64.  CARTCNMEISTeR,  Annalen,  333. 149.  HOKSTMANN,  Ber.  19. 
-  :yi  ;  30,  766.  tsCHEKUAK,  Autialrn.  US,  1)9;  114.  »J.  ScHHeocK.  IViiJ. 
!ritt.  U.  997;  14.  656;  K.IIAFKT,  Bcr.  IB.  1687.  VoLLMAM,  Brr.  : 
WlUMX.  /Vw.  *.  .5.31.  «7.  NgOBEcK.  Ztilschr.  fur  fhjiikal.  CAtmie,  I.  649. 
^^H^  also  O.^iSeja^DitA'inetijtAe  Themie  Jtr  Gau.  )i6— 131  :  and  Wai 
^^^■v.;  L^fOttf  ^1  and  (mote  cipecially)  Sid  Suitplt.  iii-j  t1  stq. 
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d    in    terms  of  the   same   standard.      The 

'  -.r-      'i*  equai  to  the  product  of  specific 

d  into  molecular  weight,  assuming  the  latl 
;  as  the  formula-weight;  or  wc  may  say  th 
xpresst'd  by  the  formula  is  taken  in  grams. 

--.f—    represents  the  number  of  cut 

jec,  gravity 

iccupied   by  an  amount  -of  the  substance  i 

mal    to  its  molecular  weight.     Now  we  ca 

e    molecular  weights   of   gaseous    compoum 

ecific  gravities  of  compounds  are  referred  t 

molecular  weight 

unity,    then,                .-"—  =  const.  =  2. 

spec,  gravity 

.     ,                .          formula-weight    .         , 

it    the   qunticnt    — ^    is    obtain* 

spec,  gravity 

■  rii.inid  >-..nii..ain,!s,  wc  shall  h:ivo  a  scric, 

ilii,  ■..  ulii.h      irf,.rniuU-HL';L;ht  i.f  liqiuM  i- 

{tV.5§I50,  I5'l     MOLECULAR  VOLUME'S. 
Let  the  molecular  volume,  i.e.  the  quotient 
formula -weight  of  liquid  compound 


3'9 


I 

^^H  Spec,  gravity  referred  to  water 

be  expressed  by  the  symbol  ( V).  Then  the  value  of  (  V)  for 
a  compound  is  in  some  cases  equal  to  the  sum  of  the  values 
of  (V)  for  the  elementary  atoms  which  form  the  molecule  of 
that  compound.  Rut  is  {V)  always  the  sum  of  the  atomic 
vohimc5  of  the  constituent  elements,  and  has  each  elementary 
bm  a  constant  value  ? 
For  many  carbon  compounds  Kopp  has  shewn  that 

(K)C,H,0.=(x.ii)+U.5-5)  +  (-.7'8)- 
t  in  some  cases  the  observed  value  of  (K)  does  not  agree 
J  that  calculated  by  this  formula;  thus 


ibytle   C,H,0 


calculated    (P')=(z.i 
observed  {V) 


)+(4-5'5)+7-8=5'-8 
=  565. 


ic  ACid  CjH.Oi :  calculated  ( H' 
(ibserved  ( V) 


■ii)+(4-5-S)+(2-7'8)  =  59-6 
=635. 


-39 


[  The  value  of  ( K)  for  a  compound  C,H,0,  is  conditioned, 
lording  to  Kopp,  by  the  value  of  (  V)  for  the  oxygen  atom. 
s,  in  the  molecule.  Kopp  gives  the  following  two 
iucs,  according  as  the  oxygen  atom  acts  as  a  monovalent  or 
ralcnt  atom  in  the  given  molecule' ; — 

(f'')0'=i2-2i    (P'JO"  =  7-8. 

Applying  these  values  to  the  case  of  aldehyde,  we  have 

(nH,C_C-0=(ii')  +  (4.S-5)+i=-i=56-2; 


result  which  agrees  very  closely  with  the  observed  ' 
r  565.    For  acetic  acid  we  have 


lucd  Ui«  cKptosion  'oKygen  within  Ihe  niJiclc'  as  srnonymDus  »ilh 
ir  cillcd  irivalutil  (»'>i£l7~'>»kcdj  oxyfcn  aXiyxm;  >d<I  'oiygcn  without 


I 
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Or  again,  for  ethylic  acetate, 

O 

(nH.C  — €<"  ={4.ii)-f{8.5-s)  +  i2-2+7-8=io8i3: 

O  — C,H„ 

observed=  lo?* 

Or,  once  more,  for  acetone  and  its  isomeride  allylic  alcohol, 
(1)  (fOHjC— C  -CHs=(3,ii)+(6.5-s)+i2'J=78-3:  obsen-ed  =  78io; 

O 
(a)  ft'jH.C  — C  — C^OH  =  {3.ii)+{6.S'S)+7  8=73  8:obsetved=7ja. 

H      H, 

Instead  of  assigning  two  values  to  the  oxygen  atoms  in 
compounds  of  the  form  C,H^O,,  it  would  probably  l^e  better  to. 
employ  the  value  (  V)  CO  ^  232  (i.e.  1 1  +  1 2-2),  which  attri- 
butes the  influence  on  the  total  value  of  {V)  due  to  the 
presence  of  the  group  CO  to  both  the  atoms  which  com- 
prise this  group. 

Schiff  {/oc.  cit.)  concludes  that  the  value  of  (K)  O"  varies- 
according  to  the  nature  and  arrangement  of  all  the  con- 
stituents of  the  molecule ;  and  also,  that  the  value  cJ 
( K)  A' - C - O  is  always  greater  than  that  of  (  V)  C-O-X, 
where  X  represents  a  radicle. 

Kopp'  deduced  two  values  for  {F)S;  thus  (K)S'  =  28^ 
(f  )S"  =  22-6:  but  only  one  value  for  {V)C,  and  one  ft 
(K)H  and  {V)C\.  Many  and  very  varying  values  bai 
been  found  by  different  observers  for  (J'^)N:  thus  Kopp 
assigns  the  value  2'3  to  (fjN  when  N  occurs  in  amines,  and  IJt 
when  N  occurs  in  CN  and  in  some  nitro-compounds;  Ramsaf 
gives  (^*)N  =  3*6  in  amines,  =  90  in  pyridine,  lutidine,  &1I, 
and  =  7  in  aniline,  toluidine,  and  dimethylaniline. 
152  If  the  influence  exerted  by  the  oxygen  in  a  carbon  com- 
pound on  the  value  of  [V)  for  that  compound  varies  acconi- 
ing  to  the  actual  valencies  of  the  oxygen  atoms  in  the  mole- 
cule, it  appears  probable  that  the  total  value  of  ( V)  will  alsu 
depend  on  the  actual  valencies  of  the  carbon  atoms  in  ihe 
molecule.  Buff^  thought  that  his  determinations  she\t'cd  thil. 
the  value  of  (  V)  for  compounds  containing  trivalent  (d< 
'  See  also  R&msa^.  C.  S.  ^oumaf  Truu.  fur  IBTt.  4J1 — t. 
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linked)  carbon  atoms  is  greater  than  the  value  calculated  on 
the  assumption  that  (V)C'"  =  {1^0"  =  li.     Thus, 

(I)  Dichlorethylcne  Clj  —  C"  —  C"  -  Hj,  (10  =  79-9: 

(V)  calculated ^78'6;  difr.  =  +  r3. 


(3)  Carbon  dichloride  C!,=:C"' - 


■  C"': 


(3)  Amylcne 


H,C" 


H.C" 


(4)  Vakrylene  H^C 


(5)  Diallyl  H,C"'  ~- 


H, 


'H^  (r)=i[3: 

(10  ealculated=iio;  (liff.  =  +2-a 
C'"  — C"H,.  (J-0=io4-o: 
H 

(JO  calculated =99:  diff.=  +  s-o. 

-C"— C""  — C^Ha,  (r)=ia6'8: 

(F)  calculated=T3i;  difr.'-  +  5-8. 
No  trustworthy  conclusions  regarding  the  values  to  be 
assigned  to  (f')C"'  or  (l')C"'  can  however  be  drawn  from 
these  data,  because  when  we  tabulate  the  values  of  ( V)  for  a 
number  of  hydrocarbons  we  find  no  apparent  regular  con- 
nexion between  these  values  and  the  valencies  of  the  carbon 
atoms.     Thus, 

;  H,C  - 


(0  He. 


(3)  Diallyl  H,C- 


-(CH,),  — CH, 

-C  — c-c- 
H     H,    H,    H 


(n=i4o: 

(F)  calculated=I43; 

CH,  ((')=I26'8: 

(V)  caiculated  =  i2i  ; 


HC-^  x-CH  (F)  calculated  =  99;    -3. 

CH 

If  we  associate  the  increase  in  the  value  of  (f^)  for  diallyl 
over  the  calculated  value  with  the  presence  of  trivalent  carbon 
atoms,  then  we  must  conclude  that  the  presence  of  trivalent 
carbon  atoms  in  the  molecule  CjH,  is  connected  with  a 
decrease  in  the  calculated  value  of  ( V),  or  that  all  the  carbon 
atoms  in  this  molecule  are  tetravalent. 
3  Not  only  may  the  values  tobe  assigned  to  carbon  and  oxygen 
atoms  in  determining  the  total  value  of  ( V)  for  a  carbon  com- 
pound vary  according  to  the  actual  valencies  ol  iVie?.^  aXo^^^ 
Bthc  molecule  of  the  compound  in  question,  buXO^t-j  Wi-a.'^ 
J£  C  IV 


J 
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also  vary,  apparently,  in  accordance  with  the  distribution 
the  interatomic  reactions  in  molecules  wherein  all  the  carboi 
atoms  are  tetravalent,  and  all  the  oxygen  atoms  are  divalent 
Thorpe  {loc.  cit.)  has  given  some  examples  of  such  variatioM 
but  Zander'  has  extended  the  number  of  examples  con 
siderably.  Thus  a  comparison  of  ( f-O  for  propyl  and  isopropy 
compounds  shews  that  the  normal  compounds  always  exhibi 
a  smaller  value  than  the  iso-compounds : — 

C.H^H    CH 

highest  value  of  ( V)  obtained  for  normal  1 

.  /H,C— C  — C~-A*\       \        8[-4      io8- 
compound  (^    *       H,    H,         j      ) 

lowest  value    of  { 10  obtained  for 


mpound     ,V— CH 


^CHj 


82-3      108-3     99X>     93-0 


But  the  molecules  of  both  classes  of  compounds  contain  ootjr 
tetravalent  carbon  atoms'. 

Lossen'  has  collected  the  most  trustivorthy  data  bearing 
on  the  question  as  to  whether  or  not  a  constant  value  can  bej 
assigned  to  ( I'')CH^     Kopp  gave  22  as  the  mean  value  fot] 
this  group.     Lossen  shews  that  the  differences  between 
values  of  {V)  for  successive  homologues  of  the  acid  sci 
C,II„„CO,H  nearly  agree  with  the  differences  calculated 
the  basis  of  (  F)CH,=  22  ;  but  that  in  the  series  of  alcohols 
C.H^,CH,OH  the  value  of  CK)CH,  varies  from  187  to, 
assuming  that  the  other  atoms  exert  a  constant  influence! 
the  total  value  of  ( V).     Apparently  then   a   variable 
must  be  assigned  to  ( V^C",  or  to  (  V)}\,  or  to  both  ol 
quantities. 

Some  light  is  thrown  on  this  point  by  Zander's  comj 
{loc.  cit.)  of  (  V)  for  propyl,  isopropyl,  and  allyl,  compoi 
which  leads  to  the  conclusion  that  the  difference  betweeti(l 
for  a  normal  propyl  and  the  corresponding  allyl  com| 
i.e.  between  two  compounds  differing  in  composition  by: 
varies  from  57  to  8'9  (having  a  mean  value  of  7'i):heD06i 

>  AntiaUn  au.  ijS:  32t,  ;6. 
'  See  also  Btown/Vw.R.S.W.  lii.    MmE 
I  •  Aunalen  81*.  81  tt  (t^. 
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we  assume  that  the  difference  m  question  is  wholly  due  to  the 
diRereiicc  in  empirical  composition,  we  appear  forced  to  con- 
clude that  tJic  value  of  the  influence  exerted  on  ( V)  by  the 
monovalent  atom  H  is  variable'. 

Thorpe  (/oc.  cit.)  got  these  results  for  compounds  containing 
only  tetravalent  carbon  atoms  in  their  molecules: — 
H,CCI,(f)=  6S-I3;  hcnce(f')Cl=2i-6;  (assuming  (K)  C  =  ii, 

and{rjH=5'5) 

HQci,{y)=  84-53;    ..    (i')a=227 

CCI,{C)  =  io3-68!      „      (K)CI=23-2 
Taking  the  mean  value  for  {  V)Q^,  viz.  225,  and  applying  this 
to  calculate  the  values  of  ( K)  for  each  of  the  preceding  com- 
pounds, we  have 

(r)H,CCl,=  67-0        ob5erved=  65-12        diff.=  -r88 
(nHCa,=  84-0  .,       =  84-53         ..   =+  -53 

(F)     Ca,=  ioro  „        =i03-6S  „    =+268 

Hence  the  value  of  ( V)C\  appears  to  be  variable.    This  is  moi 
[Strikingly  illustrated  by  Sticdel's  comparison' of  the  differences 
[in  the  values  of  {V),  and  also  the  differences  in  the  boilin] 
Ipoints,  at  various  pressures,  of  chlorine  compounds  derive^ 
Ifrom  C,H,. 

The   differences   in  (V),  and   also   in   B,P.,  between  i 
btlowing  pairs  of  compounds,  viz. 

CIH.C  — CHjCl  .-ind  H,C-CH,C1, 
C1H,C  — CHCIj  and  HjC  — CHCl,, 
CIH,C  — CCI,  and  H,C  — CCl,, 

e  of  H^  there  is  a  dilTeience  in 
Moms   io    propyl    and   ally!    conipoiindifl 
,   nomul   ptopylic  alcoliol   n   HjC— C  — C^OH,   »nd  allylii.'  alcohol  ] 

cnt— C— OH.    See  a\y>  Weger,  Annalen  Ml.  61.  who  ec's  did 
H      H, 

r  ((0  C1I,  in  dilTerent  Eeiies  of  compounds.    See  Ber.  IS,  1458,  \ 
vanAi  us   thai  this  number  wn  given   by  him  as  a   w/ni«  valut.  I 

SchifT  (Annaltn  3M.  186.  and  igl)  concludes  thai  {V)C  iJmartl 

ftly  varies  according  to  the  nature  and  Ihe  airangecaent  of  the  constituents  of 

I  which  C  occurs.     Horttmann  (Btr.  M.  761!)  collects  many  daia 

&  him  [o  the  coDclueion  that  ■  anuiiutaied  cotnpoundi  wiih  clowd  chain 

k  Im*«  coniidersbly  smaller  molecular  volumes  than  those  it-iih  open  chain 

ft  tnd  mnllipte  Unkings  of  alocoi'.    Neubeck  {ZriUchr.  fir phyiiial.  Chimii. 

lihewi  thai  ( f)  for  beniene  derivatives   is  molded  accoi&mg  \ 

l[oTllio,  mela,  or  puta.)  of  \l\e  re[ilacing  groups. 

Ti  IS.  I  fig- 


4 

duction  ol 
ydrogen) 

theMlM 
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express  differences  corresponding  with  change  of  CH, 
CHjCl,  i.e.  with  the  introduction  of  the  first  chlorine  aloi 
place  of  an  atom  of  hydrogen  into  the  liydrocarbon  red 
CH.. 

The  differences  tn  the  values  of  the  same  quantities 
tween  the  following  pairs  of  compounds,  viz. 

CljHC  — CH,  and  H,C1C  — CH„ 
CLHC  — CH.CI  and  H,C1C-CH,CI, 
CljHC  — CHCI,  and  H,C1C  — CHCl,, 
C1,HC  — CCI,  and  H,C1C  — COj, 

express  differences  corresponding  with  the  introduction  ol 
second  chlorine  atom  (in  place  of  an  atom  of  hydrogen) 
the  residue  CH,. 

And  lastly,  by  comparing  (  V)  and  B.P.  for  the 
pairs  of  compounds,  viz.: 

CI3C  — CHj  and  C1,HC-CH„ 
CljC— CHjCl  and  CI,HC  — CH.CI. 
CIjC-CHClj  and  C1,HC  — CHCI,, 
CljC  — CCIj  and  CljHC  — CCV, 
the  differences  corresponding  with  the  introduction  of 
third  chlorine  atom  into  the  group  CH,  are  determined. 
Now  the  differences  In  question  are: 

for  the  firsi  chlorine  atom  ((')  =  i4'zo;  B,P,=-56'"22j 
„        second        „  (^')=lfi'37;  B.P.  =  3i'''30; 

„       third  „  (t')  =  i9i6:  b,p.  =  i6'-04- 

Hcnce  each  chlorine  atom  has  a  different  *  volume-wt 
and  a  different  'boiling-point-value'.  If  we  choose  lo 
tribute  the  observed  differences  to  the  carbonaceous  parti 
the  molecules,  i.e,  to  C,H,  in  C,H,C1,,  to  C,H,  in  C,H,Ci,i 
we  seem  still  obliged  to  admit  that  carbon  and  hydfij 
atoms  have  varying  'volume-values',  and  varj-ing  'IkmB 
point-values',  in  the  molecules  formulated. 
154  The  remark  made  in  paragraph  151  that  the  value<rf( 
for  a  compound  is  equal  to  the  sum  of  the  values  of  (I'll 
each  of  the  elementary  atoms  in  the  molecule  of  tliil* 
pound,  must  evidently  be  supplemented  by  the  staten* 
that  in  the  case  o^  catbov;  compounds,  at  any  rate,  the** 
of  (/')  is  not  conatanl  (ot  C  ot  O.atvi  ■^^Oc'aKvj  ■w&fetS' 
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,  but  varies  in  accordance  with  (i)  the  actual  valencies  of 
e  atoms  of  carbon  and  oxygen,  and  (2)  the  distribution  of  al! 
C  atomic  interactions  tn  the  molecule.  The  precise  character 
'  the  connexion  between  the  values  of  ( V)  for  C,  O,  H,  and 
1,  and  the  valencies  on  the  one  hand,  and  the  nature 
[  the  atoms  (or  atomic  groups)  in  direct  union  within  any 
lolcculc  on  the  other  hand,  cannot  be  ascertained  until 
luch  more  experimental  data  has  been  accumulated'.  The 
Down  data  regarding  the  values  of  (Vj  cannot  therefore  be 
pplied  in  other  than  a  very  tentative  way  to  the  selection  of 
lie  from  among  several  possible  structural  formulae'. 

The  values  of  (f)  for  many  solid  compounds  have  been 
X>mparcd,  and  attempts  have  been  made  to  generalise  the 
elaiions  between  these  values;  but,  as  might  be  expected 
fom  considering  how  little  comparable  are  the  conditions 
indcr  which  the  relative  densities  of  solids  have  been  deter- 
oincd,  the  conclusions  are  either  vague  and  difficult  of  precise 
f>pIicatIon,  or  represent  only  interesting  relations  between 
crtain  numbers,  without  much,  if  any,  connexion  with 
iiemical  facts. 

By  considering  the  difference  between  { r'')MO  and  ( t')M, 
i  fairly  constant  value  for  ( C)0  in  the  oxide.s  is  sometimes 
t>btained:  thus  for  ?bO  and  Fe,0,,  the  difference  in  question 
Es  about  5'5,  But  in  other  oxides  the  value  of  (  V)0  appears 
to  be  very  variable;  thus, 

{K)CuO-(K)Cu=5-i;  but(('}Cu,0-{r)Cu,=los. 
Bniuncr  and  Watts*  have  drawn  the  following  conclusions 

'  It  i«  poinleil  out  tiy  Lossen  {tx.  tU.)  lliat  caiefiil  detenninaiion  of  ( I']  for 
\y  leriBi  of  urUni  compounds  and  for  many  indrvidosls  in  each  Krioi  arc 
t  i«c[aii«d. 

*  An  illiutTMion  ai  the  diflicutties  irliich  are  met  with,  and  at  the  unccrtun 
are  of  the  mulls  cibtnincil,  ii  furnished  by  the  controdicloiy  conclutioni  of 
ffcorpc  (tee  Wills' s  Ditl.  Srd  Supplt  jn;— iB)  and  of  Massonand  Kamsay  (see 
£,  ^buntii/ Ttmu. for  IBU,  51  fi  v;.)  regntrlinglheilructurai  fortnula  of  P0C1,. 
PMrpe  caruludes  that  the  foimula  mighi  to  be  writien  Clj=P  —  O  — CI. ! 
Nd  Kaaiuy  think  thai  Cij  ~  I'  —  O  mote  nearly  represents  the  facts.  In  conM 
rhhlLc  formula  of  this  compound  see  ibe  expetlmenis  of  Mlchkelis  and  I.afl 

put.  M^f.  If]  11  60. 
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from  comparisons  of  (JOMO  and  {V)yi  for  different  series 
of  oxides. 

'Ti  In  strongly  basic  oxides  the  value  of  ( J^)0  is  nega- 
tive: the  more  basic  the  oxide,  and  the  greater  the  value  of 
( [')M  in  the  oxide,  the  more  negative  is  the  value  of  (TOO. 

12  In  oxides  of  heavy  metals  and  non-metals  the  value 
of  ( [  ''}0  is  positive. 

(3)  In  oxides  of  the  earth  metals  the  value  of  (f*0 
is  ;///. 

The  values  of  ( t*}  for  isomorphous  compounds  generally 
vary  little;  thus, 

(r)MgO.  AU03=4i*4  (K)  ZnO  .Fe203  =  47-o 

( F)  ZnO  .  aC03= 40-2  ( F)  MnO . CrJOa «=  464. 

The  greater  the  agreement  between  the  angles  of  cr}btalj 
belonging  to  the  same  class,  the  less  do  the  values  of  ('^ 
differ,  e.g. 

/ 1^^  Ai  /-.^^~         r  crj'stals  are  almost  identical. 
(K)  PbCO.,=4i*2  J      ^ 

(F)  BaC03=45'S    cr>'stals  exhibit  difierences'  from  those  of  SrCO^and 

PbCOj. 

Kopp*  has  concluded  that  if  /?,  the  difference  between 
what  he  calls  the  *  molecular  volumes'  of  two  isomorphous 

compounds,  is  represented  as  /?=  r"r>"i^;—     i' ^  »  ^^^  ^^-^ 

value  of  D  may  attain  a  maximum,  equal  to  0*328,  without 
isomorphism  being  impossible. 

Determinations  of  ( V)  for  anhydrous  and  hydrated  salia 
promise  to  throw  some  light  on  various  questions  implied  in 
the  commonly  used  expressions  'water  of  cr}'stallisation'  and 
'  water  of  constitution  \ 

Graham  distinguished  'saline'  water  from  'basic*  water  in 
salts  and  acids ;  the  replacement  of  the  former  by  another  salt, 
or  by  an  oxide,  produced  a  double  salt,  or  in  the  case  of  acids 

'  For  more  details  see  Naumann's  Handbuck  der  AltgemetHtn  umd  Phytikal* 
ischen  Chtmit^  jfio — 362. 

'  Annalm  86.  t.  Pogg.  Ann.  88.  161;  6S.  446;  M.  371.  See  also  aitkh 
••Isomorphic",  in  the  Nnus Harnhvorlerbuch  dtr  Ckimk. 
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a  normal  salt;  the  replacement  of  the  'basic'  water  in  an  acid 
„  produced  a  basic  salt.    Thus, 


MgSO,  IL^O  6H^0  gave   MgSO,  K,SO,  6H,0; 

N,04  H,0  3H,0  gave  j  N,Os  CuO  3H,0  normal  nitraie  of 
«^,<    A.JU-  I  fj^o,  CuO  3CuO  basic  „ 


Graham  further  distinguished  ^nsU  water  from  walcr  of 
constitution;  e.g. 

HjSO,.H,0,   from  CP,.H,0. 

Thorpe  and  Watts'  have  determined  (V)  for  the  salts 
MSO.,  when  M  =  Mg.  Zn,  Cu,  Mn,  Fe.  Co;  and  for  the  hy- 
dratcd  salts  MSO^H.O  when  M  =  Mg,  Zn,  &c.  and  x  varies 
from  1  to  7. 

The  value  of  ( F)MSO,  was  found  to  be  independent  of 
the  nature  of   M   for  the  dehydrated  salts.     The  difference 
(  I0MSO,.tH,O-(  t'jMSOjgave  the  increase  in  (  K)  for  j-H,0 
added  to  the  salts.     The  following  results  were  obtained. 
Mean  difference  between  values  of 

(y)S  and  (K)S.H,0  =107 

(K)S.H,0  „    (t')S.iHjO-i3-3 

{r)S,jH,0        „    (t')S.3H,0  =  i4'S 

Cf)S.3H,0        „    (;^)S.4H,0-is-4 

{V)S.(,Hfi        „    {F)S.7HsO=i6-2 

[(f')S=(r)MSO„    (K)S.-rH,0  =  (t')MSO,.j-H,0.] 

Hence   the   value  of  {V)MSO^.x\lfl   is  changed    to   a 

different  amount  by  each  of  the  molecules  of  water  which 

combines  with  the  salt ;  or,  it  may  be  said,  that  the  water 

molecules  contribute  in  unequal  degrees  towards  the  total 

value  of  (f). 

Clarke*  has  compared   the  differences  between  ( V)  for 
hydrated  and  {V)  for  dehydrated   salts,  belonging   to   two 
ies  of  compounds. 

In  the  first  class,  when  M  =  Ca,  Sr.  Ba,  Mg,  Cu,  Fc,  or  Co, 
i  X  varies  from  2  to  6,  the  mean  value  of 
(tOMCl,.*-H,0-(tOMa, 

C.  S.  ymrmil  Treat,  for  ISM.  10 
*  /tHur.  j^iiriml  s/ S(i.  and  Arts,  l.!i).6.J 
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was  found  to  be=  1376  (with  a  maximum  value  of  I5'0,  and 
a  minimum  of  12'S)- 

The  second  class  comprised  various  hydrated  oxides  and 
hydroxides,  viz. 

B,O^H,0,  T;OjH,0,   KjOHjO,  CuOH,0,  SrOH.O.   BaOH,0. 
AI,OjH,0,  MnjOjH.O,    Fe,0,H,0. 

In  this  class  the  value  of  the  difference 

( y)  oxide  ■rH,0-{^  oxide 

varied  from  74  to  I9'4. 

If  S  represent  one  of  the  chlorides  belonging  to  the  first 
class,  or  one  of  the  oxides  belonging  to  the  second  class,  then, 
for  class  1,  the  formula  (P')S  xU  fi  ^  (V)S  +  (x .  i  y  yt)  gives 
numbers  which  agree  fairly  well  with  the  observed  results;  but 
no  such  simple  relation  between  ( KjS  xHfi  and  (  V)S  can  be 
traced  among  the  results  obtained  for  compounds  belonging 
to  class  11. 

But  the  hydrates  of  class  I  belong  to  the  group  of  com- 
pounds containing  'water  of  crystallisation',  whereas  those' 
of  class  11,  or  most  of  them  at  any  rate,  belong  to  the  group 
containing  "water  of  constitution';  hence,  although  the  resulu 
obtained  by  Thorpe  and  Watts  {/oc.  cil.)  lead  to  the  conclusion 
that  the  value  of  ( V)Hfi  in  the  salts  MCl^H.O  is  probaU] 
different  for  each  addition  of  H,0,  nevertheless  Clarke' 
bers,  taken  as  a  whole,  emphasise  the  difference  bcttvei 
'water  of  crystallisation'  and  "water  of  constitution",  and  she 
that  the  chemical  difference  implied  in  these  expressioiu 
connected  with  the  relative  magnitudes  of  the  spaces  occup 
by  chemically  comparable  quantities  of  the  hydrated  sJ 
belonging  to  each  class  of  compounds. 


specific  gravity 

rically  determined  quantity;  incidentally  it  has  been  tcgaidd 
as  expressing  the  volume  occupied  by  a  quantity  of  the  o 
pound  formulated  proportional  to  the  mass  of  the  moleoilfi 
which  form  the  vapour  oC  that  compound.  The  qucstiooifr 
often  propounded  m  paptt^  ou  ■  Spaijvc  -uolu-twti  ^-^tasJict  lb  J 


volume  of  an  eleihent  in  the  free  state  is,  or  is  not,  identical 
with  the  volume  of  the  same  element  in  combination.  This 
question,  it  seems  to  me.  may  be  better  put  in  another  form. 
What  is  the  connexion  between  the  value  of  ( F)  for  a  given 
compound,  and  the  nature  and  arrangement  of  the  atoms 
which  constitute  the  molecule  of  that  compound  .'  It  has  been 
shewn  (pars.  152,  153)  that  the  partial  value  to  be  assigned  to 
each  atom  is  not  a  constant  quanlity;  in  other  words  that  (Fj 
varies  with  variations  in  the  arrangement,  no  less  than  in  the 
nature,  of  the  atoms  which  form  the  molecule  of  the  com- 
pound for  which  ( V)  has  been  determined.  But  is  there  any 
connexion  between  the  variations  of  ( F),  the  valencies  of  the 
atoms  on  the  one  hand,  and  the  distribution  of  the  interatomic 
reactions  on  the  other  ?  From  the  data  concerning  isomeric 
carbon  compounds,  firstly,  containing  only  saturated  poly- 
valent atoms,  and  secondly,  containing  also  unsaturated  poly- 
valent atoms,  we  may  conclude,  I  think,  that  both  connexions 
exist.  It  seems  probable  that  a  decrease  in  the  actual  valency 
of  an  atom,  other  things  remaining  the  same,  is  attended  by 
an  increase  in  the  value  of  (!•').  But  St^edel's  investigation 
[par.  153)  shews  that  the  latter  value  is  also  modified  by  the 
nature  of  all  the  atoms  in  the  molecule.  If  these  connexions 
can  be  made  precise,  and  their  nature  ascertained  by  careful 
rnvestigation,  it  may  become  possible  to  trace  relations  be- 
tween the  volumes  occupied  by  molecules  of  defined  structure 
and  the  energy-differences  of  these  molecules,  and  perhaps  to 
connect  with  these  the  differences  in  the  values  of  the  refrac- 
tive, and  the  rotatory,  powersof  the  same  molecules'. 

If  the  value  of  (t'')  for  a  compound  is  regarded  from  the 
point  of  view  of  the  molecular  theory,  a  connexion  may  be 
traced  between  this  value  and  the  partial  value  of  (  F)  for  each 
atom  in  the  molecule  of  the  compound.   For  it  has  been  shewn 


'  W<  ihould  thus  gain  clearer  conceptions  of  the  ptoperlie!  ot  atoms  as  these 
, ..  exhibited  in  atomii;  inlcraclion*.  and  also  be  able  lo  connect  these  inlerailjons, 
,1  moic  precise  mannei  than  is  yet  possible,  with  the  properties  of  the  systems 
::i-icby  formed.  If  this  view  is  accepted  it  is  evident  that  the  tesaV^  □XA.vme&Vf 
[he  vauitiui  physical  methods  discussed  in  this  and  tVve  picce<^ng  w^^vKan  -(n'>u\ 
bai-c  Vuietkttl  at  well  »s  sUtial  aspects  (mc  Book  \1,\. 
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by  L.  Meyer',  and  by  Loschmidt',  that  the  spaces  occu[Mcd 
by  gaseous  molecules  (calculated  from  data  based  on  the 
transpiration -coefficients  of  the  substances)  are  connected  vntk 
the  atomic  structure  of  these  molecules,  in  the  same  generd 
way  as  has  been  shewn  by  Kopp  and  others  to  hold  in  the 
case  of  liquid  compounds'.  The  Clausian  sphere-of-action 
(■mrkutigssphdre)  of  a  molecule  is  the  smallest  space  which  the 
molecule  can  occupy  under  given  conditions.  Changes 
these  conditions  (e.g.  change  of  temperature),  changes  in  the 
form  of  the  molecule,  or  changes  in  the  arrangement  of  the 
atoms  in  the  molecule,  will  be  accompanied  by  changes  in  the 
space  occupied  by  the  molecule.  The  relations  between  the 
values  of  these  smallest  spaces  (spheres-of-action)  occupied  by 
the  molecules  of  two  gases  can  be  calculated,  by  means  o 
formula  deduced  from  the  genera!  principles  of  the  molecular 
theory,  from  observations  of  the  transpiration-coefficients  o 
the  gases.  Putting  the  experimentally  determined  value  o 
( V)  as  the  value  of  the  molecular  sphere-of-action  of  one  * 
the  gases,  the  values  of  the  molecular  sphercs-of-action  of  other 
gases  can  be  found,  and  compared  with  those  calculated  from 

Kopp's,  Meyer's,  and  Loschmidt^s,  values  for ^^ -V 

'^^  ■■  specific  gravity 

of  nitrogen,  oxygen,  hydrogen',  &c.,  and  from  the  partial  vaJuts 

assigned,  by  different  chemists,  to  various  atoms  in  determining 

the  total  value  of  {V)  for  molecules  containing  these  atom*. 

This  is  done  by  O.  E.  Meyer  {loc.  cit.  pp.  219 — 221).    The 

observed   and   calculated   values  of  {V)  agree  as  closely  n 

could  be  expected,  considering  that  r^ard  has  been  paid  in  tht 

calculations  solely  to  volume,  whereas  the  molecular  spheres- 

of-action  must  be  conditioned  by  the  form,  the  diameter,  aid 

the  length,  of  the  molecular  systems.     Hence  there  is  a  well' 

established  probability  in  favour  of  the  conclusion  that  tfct 

partial  values  assigned  to  the  different  atoms,  in  detenntniit 

'  AnnaUn,  iDppllxt.  S,  iig. 

■  SilUtriclile  i/tr  K.  Akad.  lu  Wien  {miUk.-nahirwiis.  claiif).  t».  <snd  ^i» 

■  SeeO.  E.  Meyei'i  Dit  fCiniHstht  Thttrit  dtr  Gaie,  116— it  1. 
*  For  adeBHiyliOT»Qr\hcd«t«miriatiQn  of  this  conslitit  for  oxyeeni 

froses   ftom   measttienvMiU  o^   vVc  i.ia.tavVWMm-iKKSfaJ.'eM*   ol  thcH  p 
L.  Meyer,  Annalm,  iPXSt^A-'^-  ^""J- 
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the  total  value  of  ( V)  for  a  liquid  compound,  are  proportional 
to  the  volumes  occupied  by  these  atoms  in  the  gaseous  state. 
But  this  is  just  the  conclusion  drawn  from  an  empirical  study 
of  the  values  of  (  f)  determined  for  scries  of  liquid  compounds. 
Much  work  must  however  be  done  before  precise  connexions 
can  be  traced  between  the  total  value  of  [J^  and  the  partial 
values  assigned  to  the  various  atoms  in  any  molecule. 

It  has  generally  been  assumed  that  the  volumes  of  differ- 
ent liquids  are  under  comparable  conditions  at  the  boiling 
points  of  the  liquids ;  but  van  der  Waal's  investigation.s'  have 
shewn  that  those  volumes  of  liquids  are  comparable  for  which 
temperature  and  pressure  are  equal  fractions  of  their  critical 
values.  In  order  therefore  to  compare  molecular  volumes — 
i.e.  to  compare  values  of  ( t') — it  would  be  advantageous  to 
determine  by  experiment  the  critical  temperature  and  pres- 
sure of  the  liquid  compounds  examined.  This  has  been  done 
in  very  few  cases;  but  until  it  is  done,  considerable  doubt 
must  be  thrown  on  the  value  of  the  elaborate  deductions 
which  have  been  drawn  from  the  data  regarding  molecular 


SecTJON  IV.     Mellwd  based  on  the  determination  of 

'  Etlurification-valuts^ ' 
The  rate  of  formation  of  ethereal  salts  by  the  mutual 
tions  of  alcohols  and  carbon-containing  adds  has  been 

'  Dit  CoHliHuilJI  tits  gasformigtn  and  flussigm  Kialamla.    (Leipzig,  iS8i)i 

].  OMwald's  Ukrbath,  1,  336—339. 
•  Neubcck's  results  \ZeilscKr.  fur  pkysiial.  CkeiHu,  1,  649)  *hew  that  the 
n  which  exist  betwecD  the  molecular  volumes  of  vuious  bcnieae  dcriva- 
N  tt  ordinary  preuures  also  hold  good  at  pressures  of  450  and  100mm. 
■  The  papen  by  Menschnlkin,  of  which  tliis  seclion  is  a  vert  condensed 
aatsj,  will  be  found  mj.  fiir  prakf.  Cicmte,  (j)  84.  49:  A.  35.  193,  and  103 
n  C.  S.  yourttat  forisei.  (117;  1888.  384,  485,  and  595),  Abslracis 
B  aUo  be  Tound  in  B^r.  14.  1630,  i8[g:  16.  161,  148.  and  711.  A  paper  con- 
unary  of  Mensehotkin's  results  will  be  fouivd  m  .*nn.  Chiiii,  Phyj, 
|.M8i.    (Ahsliact  in  C.  S.  JaurMaJ  for  iaB4.  7i6.>    Sec  iVw  Zrilithr.  Ji.t 
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studied  by  Menschutkin:  many  of  his  results  have  a  more  ' 
direct  bearing  on  the  questions  of  chemical  kinetics,  some  of  j 
them  however  may  find  a  place  here.     The  standard  reac- 
tions in  terms  of  which  determinations  are  stated  are  these : 

(i)  HCH,OH  +  CH3CO,H  =  CH3CO,(CHs)  +  HOH; 

(2)  HC  — CH,OH  +  HCO,H  =  HCO,(C,H,aj  +  HOH. 

By  varying  the  alcohol  in  (i)  and  the  acid  in  (2).  comparable 
series  of  values  are  obtained  for  (i)  alcohol-acetic  system,  and 
(2)  acid-isobutylic  system.  The  number  of  molecules  of 
HCH,OH  decomposed  in  reaction  (i),  and  the  numbei 
molecules  of  HCO,H  decomposed  in  reaction  (2),  when 
equilibrium  is  established,  are  taken  as  i  oo,  and  the  results  with 
other  alcohols  and  acetic  acid,  or  with  other  acids  and  iso- 
butylic  alcohol,  are  stated  in  terms  of  this  unit. 

The  expression  'etherification-velocity'  is  used  to  denote 
the  amount  of  action  during  one  hour;  the  expression  'etlicri- 
fication-limit'  is  used  to  denote  the  amount  of  action  when 
equilibrium  is  established.  Thus  the  statement  'the  etJurifica- 
tion-velocUy  of  CH,CH,OH  is  67-3,  and  the  et/ierifi^twa- 
limit  is  95-6'  means,  that  when  equal  numbers  of  molecules 
of  CH.CH.OH  and  CH.CO.H  react,  673  molecules  of 
CHjCHjOH  are  decomposed  during  the  first  hour,  and  %it 
when  the  action  ceases,  the  number  of  molecules  of  HCH,OH 
decomposed  under  similar  conditions  (at  the  close  of  ihe 
reaction)  being  taken  as  100'. 

The  following,  among  many  other  numbers,  were  obtained 
by  Menschutkin. 

AUokol-acetic  system. 

Fonnulji  of  Alcohol.  V«bdly.  Limll. 

HCHjOH  80-0  loo-o 

CHj.CH,OH  67-3  9S« 

CjHj.CHjOH  669  96-0 

'  The  process  U  conducled  at  ifj" — i ji";  ihe  residual  acid  is 
titialion.    Two  lo  five  grams  of  alcohol  are  sufficicni.  and  the  pttMX 
applicable  except,  ihe  etheiesl  salt.  '^lo&'oced,  iJojiyiLd  be  unstable  at  the 
of  experiment. 
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TTence.  the  substitution  of  CH,  for  H  in  the  primarj'  alcohol 
H  .  CH,OH  appears  to  be  accompanied  by  a  decrease  in  the 
elhtrification-vdocity  of  about  125,  and  in  the  limit  of  about 
4-S- 

The  following  conclusions  are  drawn  by  Menschutkin  from 
his  determinations  of  the  reaction-values  of  the  system 
R.CH.OH  +  CH.CO.H. 

(1)  The  reaction- values  (i.e.  velocity  and  limit)  of  the 
normal  group  C,H,„,  in  the  alcohols  C,H„,.,CH,OH  are 
practically  the  same. 

(2)  Isomerism  in  the  C,H^^,  radicles  of  primary  alcohols 
influences  only  the  velocity- value,  not  the  limiting  value. 

(3)  Unsaturated  alcohols  {R  .  CH,OH)  exhibit  tower  re- 
action-values than  saturated  alcohols;  e.g.  the  values  for 
C.H.  -  C If.OH  are  smaller  than  those  for  C,H. -  CH,OH. 

From  his  study  of  the  etherification  of  secondary  alcohols 
R,CHOH,  the  same  chemist  concludes  that  these  alcohols 
exhibit  lower  values  than  primary  alcohols;  and  that  the 
same  radicle  has  smaller  values  in  a  secondary  than  in  a 
primar)-'  alcohol.  The  limiting  value  for  tertiary  alcohols 
cannot  be  determined  on  account  of  the  occurrence  of 
secondary  changes ;  the  velocities  shew  great  irregularities. 

Further  results  obtained  by  Menschutkin  shew  that  definite 
connexions,  the  precise  nature  of  which  cannot  yet  be  traced, 
exist  between  the  actual  valencies  of  the  atoms,  and  also  the 
distributions  of  the  interatomic  reactions,  in  the  molecules  of 
alcohols,  and  the  etherification -values  of  these  alcohols'. 

By  multiplying  the  limiting  value  of  each  compound  by 
the  molecular  weight  of  that  compound  (and  dividing  by  100), 
numbers  are  obtained  which  exhibit  the  influence,  on  the 
cthcrification-limit,  of  the  molecular  weights  of  the  members  of 
;  system  studied.  Menschutkin  gives  the  following  numbers 
I  representing  molecular  limits.  In  a  later  paper  he  calls 
;  numbers  %\m'p\y  vjeight-limits,  in  distinction  to  the/ir- 
h/ojY  limits  already  explained. 


P*  FOT»  men  prcri^e  ttnlei 
■     :tin  Brr.  H.  5818. 
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niVSICAL  METHODS. 
Acid-iiobutylie  system. 


(CsH,«)CO,H  6i-i7<^ 
(QHu«)COijH  80-98/ 
(CrHu,")COsH      \QVoy> 


Mean  diflerence  (or  each  increment  of  CHj=  10*29. 
The  value  of  the  molecular,  or  weight,  limit  for  any  man- 
ber  of  this  series  of  acids  (the  alcohol  being  isobutytic)  nay 
be  found  by  the  formula, 

molecular  limit =40-42 +(»(-  2)  loag; 
when  «  =  number  of  carbon  atoms  in  the  molecule  of  the 
acid. 

Thus,  in  the  acid  (C.H,-)  CO.H  n  =  4.  hence 

molecular  limit =40-42 +(a.  io'29)=6i"o;  observed  V3lue=6ri7. 

Menschutkin  gives  the  expression  «+  {«  — 2)  d  for  finding 
the  molecular  etherification- limit  for  an  acid  in  any  system  of 
alcohol  and  acids,  when  a  =  molecular  limit  for  the  first  acid 
of  the  series,  and  (/=  mean  increase,  for  each  increment  of 
CH,,  in  the  molecular  limit  of  the  acids  of  the  series. 

The  rule  is,  to  the  value  of  the  limit  for  the  given  alcohol 
with  the  first  acid  of  the  series,  add  (n  —  2)  d,  that  is,  add  (n  -  2) 
times  the  mean  homologous  difference  (i.e.  the  mean  differ- 
ence for  each  increment  of  CH,)  between  the  iveight-limits  of 
the  given  acid  and  the  first  acid  of  the  series,  when  «  =  num- 
ber of  carbon  atoms  in  the  molecule  of  the  given  acid. 

Thus,  required  the  weight-limit  for  the  caproic-butylic 
system.  For  the  acetic-butyl  ic  system  a  =  4052,  and  ti=  iQ'19; 
caproic  acid  is  CjHn.CO,H;  therefore  the  weight-Uinit  re* 
quired  is  40-52 +  (4. 10-39)  =  Sr68. 

It  is  evident  that  the  percentage  limit  can  easily  bc  fonnd 
when  the  values  of  a  and  d  are  given.  In  the  case  in  qiKStica 
we  have, 

pereentage  limit  =^'"^'^°°  =ios.\.   ^C,H,,. CO,H  =  1 16> 


=  IO-29. 


t-  IV-  §§  1 57.  '  SS]      CAPILLARY-CONSTANTS. 

Menschutkin   gives  the  following  values  for  «  and  d  i 
various  systems  of  alcohols  and  acids  of  the  acetic  series: 

Iadd-ethylic  system;  it =39-94  ~ 
acid-propylic  „  ;  0=4023 
acid-butylic  „  ;  it=40'42 
aeid-amylic  „  ;  0=40-55 
acid-hexylic  „  ;  0  =  40*64 
acid-heptylic  „  ;  «= 40-71 
acid-caproic       „      ;  11=4077    • 

It  is  also  possible  to  vary  the  alcohol,  the  acid  remaining 
constant,  and  from  the  data  obtained  to  calculate  the  weight- 
limit  for  any  given  system'. 

From  a  comparison  of  the  etherification -values  for  primary 
secondary  and  tertiary  acids,  and  also  of  the  same  values  for 
hydroxy-  and  chloro-acids  &c.,  Menschutkin  draws  certain 
conclusions  regarding  the  connexions  between  the  variations 
in  these  values  and  the  molecular  structures  of  the  various 
acids.  For  instance,  the  velocity  of  etherification  of  the 
primary  acids  is  much  greater  than  that  of  the  secondary 
acids,  but  the  limiting  values  are  nearly  identical  in  both 
series. 

A  study  of  these  conclusions  shews  that  much  is  to  be 
hoped  for  from  the  application  of  Menschutkin's  method,  but 
that  more  data  must  be  obtained  before  we  have  precise 
knowledge  concerning  the  connexions  between  the  rate  of 
formation  of  ethereal  salts  and  the  chemical  constitutions  of 
.the  interacting  alcohols  and  acids*. 


I 


Section  V.     Miscellaneous  methods. 


fi  That  the  'capillarity-cotislants'  of  liquid  carbon  compounds 
are  connected  with  the  chemical  constitutions  of  these 
compounds  is   apparent  from    researches    by    MendelejcfT, 


>  Sm  deuilt  in  C.  S.  youmal.  Abttruti  Tor  ISSl,  3S7. 

>  Sm  lome  of  Menschuikin's  general iui ions  in  C.  S.  youmal,  AUtracU  for 
1.  ^;,  198;  and  nn  apptication  lo  the  rormulir  of  moldc  ind  (an\<uv«.  a!:^^^ 

b  *.  d'.  issa.  j">3- 

■  Cfnt/l.  ran./.  50.  51:  01.  9;. 
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Wilhclmy',  and  especially  SchifT.  The  capillarity-constant 
are  calculated  from  experimental  data  by  methods  which  need 
not  be  discussed  here  {see  abstracts  of  SchifTs  papers  in  C.  S. 
Journal,  or  see  Ostwald's  Lehrbuch,  I.  479).  SchifTs  results 
lead  to  caf'illarity-eqnivalcnts  for  certain  atoms,  e.g.  C  =  sH, 
O  =  3H,  CI  =  7H,  S:c.,  that  is,  they  tend  to  shew  that  «  atoms 
of  one  element  have  the  same  partial  value  in  the  capillarity' 
constant  of  a  series  of  compounds  as  m  atoms  of  another 
clement.  The  capillarity- equivalent  of  the  same  elementary 
atom  seems  to  vary  with  variations  in  the  actual  valency  of 
that  atom,  and  also  with  variations  in  the  chemical  type  of 
the  compounds  examined. 
159  The  rates  of  flow  through  capillary  tubes  of  liquid  com- 
pounds have  been  measured  by  several  observers,  especially  by 
Graham'  and  by  Pribram  and  Handl*.  The  results  obtained 
are  .^iufficient  to  Cistablish  the  fact  of  a  connexion  between  the 
franspiralion-ratfs  and  the  chemical  constitution  of  liquid 
carbon  compounds.  But  they  do  not  elucidate  the  exact 
nature  of  this  connexion.  Ostwald'  suggests,  that  measiii^ 
ments  should  be  made  at  the  boiling  points  of  various  liquids, 
as  some  of  the  results  obtained  by  Pribram  and  Handl  sug- 
gest that  the  transpiration -rates  of  equal  weights  of  analo- 
gous compounds  under  these  conditions  would  be  found  to  be 
"  nearly  proportional    to   the  molecular  weights  of  the  com- 

pounds. 
1160  The  facts  of  electrolysis  have  been  used  as  arguments  in 
discussing  the  constitution  of  chemical  compounds;  hot 
the  questions  on  which  electrolytic  data  throw  light  rather 
belong  to  the  domain  of  chemical  kinetics  than  to  that  of 
statics' 


'  Pogg.  Ann,  lai.  jf. 

■  Annalin,  333.  4; ;  CaMla,  U.  36S  {abstracts  in  C-  S.  Jbirtial.  i 
IMt.  808,  and  1B8B.  717.) 

■  Phil,  Trans.  1881.  373. 

*  Sittungsbirichu  dtr  K.  K.  Acad.  lu   Wien.  ISTB  (June  p«n)i  IWf  C* 
port). 

'  Likrhuth,\.  SOT- 

•  See  BooV  U.  diap.  \\\. 


159.  l6o]  ELECTROLYSIS. 

Faraday's  laws  of  electrolysis,  translated  into  modem 
chemical  language,  assert  that  the  parts  or  ions  into  which  a 
compound  is  separated  by  electrolysis  are  chemically  equi- 
valent and  carry  with  them  equal  quantities  of  electricity. 

Electrolytes  belong  to  the  type  of  salts,  using  the  term 
in  its  widest  meaning.  Metallic  salts  are  generally  good  con- 
ductors when  molten,  and  they  readily  undergo  electrolysis. 
But  most,  if  not  all,  single  liquid  compounds, — e.g.  water, 
alcohol,  ether, — are  nearly  dielectrics.  Aqueous  solutions  of 
most  salts  are  electrolytes;  and  the  nature  of  the  electrolytic 
decomposition  is  clearly  connected  with  the  quantity  of  the 
.solvent.  Hence  it  is  probable  that  a  chemical  action  of  some 
kind  occurs  between  the  salt  and  the  water;  and  the  true 
electrolyte  may  be  a  molecular  aggregate,  or  aggregates, 
formed  by  the  union  of  the  two  kinds  of  molecules.  This 
view  is  confirmed,  on  the  whole,  by  the  electrolytic  behaviour 
of  many  double  salts,  some  of  which  are  decomposed  by  the 
current  in  the  same  way  as  a  mixture  of  their  constituents, 
while  others  give  distinctive  products.  The  behaviour  of  con- 
centrated aqueous  solutions  of  cadmium  iodide  and  chloride 
points  to  the  existence  and  electrolytic  decomposition  of 
aggregates,  probably  Cd,Xg,  in  these  solutions,  while  the  be- 
haviour of  dilute  solutions  of  the  same  salts  is  explained  by 
supposing  that  the  body  tmdergoing  electrolysis  is  the  ordi- 
nary molecule  CdX,,  Whatever  be  the  exact  nature  of  the 
connexion  between  the  passage  of  the  current  through  a 
-ulution  of  a  salt  and  the  electrolysis  of  the  salt,  there  can  be 
little  doubt  that  the  process  is  intimately  conditioned  by  the 
nature  and  amount  of  the  solvent;  and  the  most  probable 
explanation  of  this  conditioning  effect  is  that  which  assumes 
the  formation  of  more  or  less  unstable  compounds  of  the 
lotvcnt  with  the  dissolved  body. 

But  considerations  such  as  these  are  evidently  better  dis- 
when  we  are  treating  the  subject  of  chemical  change, 
lan  when  we  are  dealing  with  chemical  composition'. 


e  Efook  11.  chap.  tiT.     The  slutlenl  xrauld  do  well  lo  raai^  \\\c  c\xttv^«   ' 
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Concluding  Remarks  oh  Part  L 
:ncral  aim  of  the  first  part  of  this  book  has  been  to 
rly  complete  account  of  the  present  state  of  know- 
irding  the  questions  of  chemical  statics,  indicating 
h  knowledge  requires  to  be  chiefiy  supplemented, 
d  more  precise,  by  new  experimental  researches. 
regarded  those  questions  which  are  concerned  with 
;,  or  systems  of  substances,  in  equilibrium  as  broadly 
to  chemical  statics ;  but  I  have  been  obliged  to 
or  less  attention  to  the  kinetical  aspects  presented 
h  questions, 

/  be  said  that  the  fundamental  conception  of  atom 
cule.  stated  and  illustrated  in  chapter  I.,  has  been 
in    its    applications    to    explain    resemblances   and 
i  between  physical  and  chemical  phenomena,  nascent     I 
hitropy,  isnmcri-^m.anil  thi- classificatii.in  of  clcmonti^ 
uurul>;  Tind  thnt  the  piincipal  methods,  both  puivlv 

Lii.CH-r.§  162] 


BOOK    II. 
CHEMICAL    KINETICS. 


CHAPTER   I. 

THE   LAW   OF   MASS-ACTION. 

;In  the  introduction  to  Book  I.  I  said  that  the  term 
)nua/  /tinftics  would  be  used  to  connote  the  facts  and 
■ciples  which  on  the  whole  relate  to  chemical  action,  as 
■astcd  with  dieinical  statics  which  term  includes  those 
t  and  principles  that  are  chiefly  connected  with  chemical 
nposition. 

Elements  and  compounds  not  only  are,  they  also  become. 

When  we  study  the  statical  aspects  of  chemical  pheno- 

a  we  inquire  about  the  being  of  elements  and  compounds ; 

1  wc  examine  the  kinctical  aspects  of  the  same  pheno- 

ma  wc  study  the  becoming  of  these  elements  and  com- 

wnds. 

The  history  of  chemistry,  I  think,  establishes  the  fact  that 

some  periods  progress  has  been  made  rather  by  seeking 

.iiowlcdge  of  the  composition  than  of  the  reactions  of  bodies. 

Ahile  at  other  times  inquiries  into  the  functions  rather  than 

ihc  composition  of  different  kinds  of  matter  have  been  most 

productive.     But  while  this  is  true,  it  is  also  certain,  and  the 

inquiries  we   have  made   in    Book  I.  regarding  composition 

[flicc  to  shew  that  it  is  certain,  that  the  division  of  chemistry 

t;!o   statics   and   kinetics   can   be   carried    out   only   in   the 

^ro;uictt  w;iy-     Wl-  have  seen  that  the  same  facts  must  be 

22 — z 
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regarded  now  from  the  statical  and  now  from  the  kinetka 
point  of  view. 

A  complete  account  of  any  chemical  change  must  includd 
the  statement  of  the  relations  between  the  reacting  bodiet 
and  also  of  the  relations  between  the  forces  concerned  in  th( 
change. 

163  The  question  of  chemical  kinetics  is :  what  is  the  cause  o 
chemical  change?     The  answer  to  this  question  has  alnayi J 
been  the  same:    the  cause  of  chemical  change   is  chemicaj 
affinity'. 

To  trace  the  history  of  the  term  chemical  affinity,  and  t 
find  a  definite  and  quantitative  meaning  for  this  terra,  is  b 
give  a  complete  account  of  chemical  kinetics. 

The  word  affinity  suggests  the  notion  of  kinsbip  i 
relationship ;  it  embodies  the  conception  of  the  eadieS 
chemists  that  those  bodies  which  are  ready  to  enter  intd 
union  are  akin  to  one  another.  In  the  sixteenth  and  sevoi 
tccnth  centuries  the  notion  of  kinship  was  so  far  modifia 
that  chemical  processes  were  regarded  as  caused  by  I 
mutual  attractions  of  bodies.  After  Newton  had  demofl- 
strated  the  law  of  gravitation,  the  conception  of  one  bwij 
attracting  another  with  a  force  varying  according  to  tlM 
masses  of  the  bodies  and  their  distances  apart  was  adopted 
in  chemistry,  and  was  developed  until  it  culminated  in  tlw 
tables  of  affinity  AvAvia  up  by  Bergmann  in  the  latter  part  of 
the  eighteenth  century. 

164  Bergmann  thought  that  the  cause  of  chemical  combint' 
tion  was  identical  with  the  cause  of  gravitative  attraction, 
but  he  said  that  the  results  differed  according  as  the  i 
traction  was  manifested  between  masses  or  between  iDiflUO 
particles  of  bodies.  In  the  latter  cases  the  attraction  w»lii 
greater  the  nearer  were  the  particles  ;  hence,  said  UcrgmaiA 
chemical  action  occurs  more  readily  between  liquids 
than  between  solids. 

'  I  have  closely  followed  Oslwald  {Lthrineh  drr  Altgemmm  Cimitli 
dealing  with  ihe  subject  o(  chemical  afHiniif .  The  second  volume  U  Oatl 
Lthrbuih  is  devoted  W  Ms  ^'(kViicci..  WWiuul  ihe  help  tit  tliU  Iwok  I  euallt 
have  givi;n  a  clear  ncconwi.  o^  affinvA")*. 
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Bergmann  taught  that  the  result  of  the  chemical  at- 
traction, or  affinity,  between  two  bodies  is  to  cause  a  change 
wholly  in  the  direction  of  the  stronger  attraction,  unless  this 
should  be  reversed  by  the  more  powerful  attractive  force  of 
heat  Thus,  suppose  that  two  bodies,  A  and  BC,  are  brought 
into  conditions  such  that  chemical  action  is  possible;  if  llie 
attraction,  or  affinity,  of  A  for  B  is  greater  than  that  of  B  for 
C,  then  BC  will  be  decomposed  and  the  only  products  of  the 
change  will  be  the  new  bodies  AB  and  C ;  but  if  the  at- 
traction, or  affinity,  of  B  for  C  is  greater  than  that  of  B  for  A, 
no  chemical  change  will  occur. 

By  applying  this  conception  experimentally  Bergmann 
was  able  to  determine  the  order  of  the  affinities  of  series  of 
bodies.  Thus,  it  was  required  to  determine  the  order  of  the 
affinities  of  three  bodies,  A,  B  and  C,  towards  the  body  D. 
A  compound  AD  was  formed  and  this  was  caused  to  interact 
\vith  B  and  C.  respectively;  if  AD  was  decomposed  by  B 
forming  BD  and  A,  then  the  affinity  of  B  for  D  was  said  to 
be  greater  than  that  of  A  for  D;  if  AD  was  decomposed  by 
C  forming  CD  and  A,  and  if  BD  was  also  decomposed  by  C 
forming  CD  and  B.  then  C  was  said  to  have  a  greater  affinity 
for  D  than  either  A  or  B.  These  results  were  then  tabulated 
in  a  tabic  of  affinity  as  follows  : — 

Order  of  affinities  towards  D. 

C 

B 

A. 
But  it  was  frequently  found  that  a  body  which  had  no  action 
(•n  another  when  the  two  were  mixed  in  solution  at  the 
i>fdinary  temperature  would  decompose  that  other  when  the 
two  were  fused  tf^ether  at  a  high  temperature.  Hence 
Bergmann  found  it  necessary  to  perform  a  vast  number  of 
experiments,  and  to  draw  up  at  least  two  tables  of  affinity  for 
each  substance,  one  shewing  its  affinities  at  ordinary  tem- 
:«.Tatures  in  solution,  and  the  other  shewing  its  affinities 
-t  high  temperatures  when  fused  with  other  substances, 
li'.rgmann's  table  for  potash,  for  instance,  was  cousXt>icXKi 
thur. ;— 
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Ordek  of  Affj 
Wet  way  {ord.  temp.). 
Sulphuric     acid 

Hydrochloric  „ 
Phosphoric  „ 
Arsenic  „ 

&c.        &c. 


lies  FOR  Potash. 

Dry  way  (high  icmp.). 
Phosphor 

Arsenic  , 

Sulphuric  , 

Nitric  . 

Hydrochloric  , 

&c.  , 


This  table  conveyed  the  information  that  a  solution  of 
a  eompound  of  potash  with  any  acid  in  the  left-hand 
column  would  be  decomposed  by  a  solution  of  any  acid 
placed  in  the  same  column  above  the  acid  which  was  com- 
bined with  potash  ;  and  that  a  solid  composed  of  potash  with 
any  acid  in  the  right-hand  column  would  be  decomposed  by 
heating  with  any  acid  placed  in  the  same  column  above  the 
acid  which  was  combined  with  potash. 

In  Bergmann's  view,  affinity  acted  in  one  direction  only. 
Bl65        The  publication   by  BerthoUet  in   1 803  of  the  Esm  4t 
StatiquE  Chimique  marked  the  next  great  step  in  advance  in 
the  study  of  affinity. 

HcrthoUet,  like  Bcrgmann,  regarded  chemical  action  *s 
the  result  of  attractions  between  the  small  particles  of  bodies. 
When  conditions  are  favourable,  this  attraction  results,  ac- 
cording to  Berthollet,  first  in  cohesion  and  then  in  combina- 
tion. But  other  forces  may  come  into  play  which  are  opposed' 
to  the  attraction  called  affinity;  heat  may  cause  the  ex- 
pansion of  substances  which  would  otherwise  combine] 
solution  may  weaken,  or  destroy,  the  cohesion  of  tbe 
particles  of  a  solid.  Whether  combination  occur  or  not,  and 
if  it  occur,  whether  the  products  remain  unchanged  or  not, 
depends,  on  Berthollet's  view,  upon  the  relative  magnitudes  of 
the  opposing  forces.  If  the  attraction  between  the  particle* 
of  different  kinds  of  matter  is  greater  than  the  action  of  tha 
forces  which  tend  to  separate  these  particles,  then  a 
compound  or  compounds  will  be  formed.  Should  thesi 
compounds  be  solids  under  the  experimental  conditions,! 
cohesion  of  their  particles  will  act  in  the  same  direction 
the  attraction  o(  affvmly  N^Yiviiv  \s  'Ccie.  vraro^iite  agent  is 
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;ir  production.  The  final  arrangement  of  the  particles  of 
kinds  of  matter  depends,  according  to  Berthollet,  not 
■only  on  the  relative  magnitudes  of  the  different  attractions 
between  them,  but  also  on  the  relative  masses  of  the  re- 
acting bodies ;  thus,  a  relatively  small  attraction  may  be  made 
'to  overcome  a  greater,  by  largely  increasing  the  mass  of  one 
fef  the  two  kinds  of  matter. 

^  Berthollet  regarded  a  liquid  holding  a  solid  in  solution  as 
a  system  in  a  state  of  more  or  less  unstable  equilibrium;  by 
removing  some  of  tlie  liquid  by  evaporation,  or  by  lowering 
the  temperature,  or  in  other  ways,  this  equilibrium  might  be 
overthrown,  and  crystals  might  separate  containing  particles 
both  of  the  solid  previously  in  solution  and  also  of  water 
changed  from  the  liquid  to  the  solid  state.  Such  a  system, 
said  Berthollet.  will  present  two  extreme  cases ;  in  one  case 
all  the  solid  is  held  in  solution  by  the  liquid,  and  in  the  other 
all  the  liquid  is  changed  to  the  state  of  solid,  Between  these 
extremes  there  may  be  many  states  each  marked  by  a  certain 
definite  relation  between  the  amounts  of  solid  and  liquid 
compounds;  for  Berthollet  regarded  the  solution,  no  less  than 
the  crystals  which  separated,  as  a  compound,  or  a  series  of 
compounds,  of  water  and  salt 

Combination  and  solution  were  looked  on  by  Berthollet 
as  analogous  actions.     He  said 

*■  In  soluiion,  one  pays  attention  chieil)'  to  the  liquidity  acquired  by 
the  solid  by  combining  [with  the  solvent],  and  especially  to  the  uniformity 
of  the  parts  of  the  liquid  compound.... In  a  combination  one  princip.illy 
considers  the  other  properties  of  the  compound  which  is  produced, 
comparing  therewith  the  properties  of  the  substances  which  produced  ii. 
In  most  cases  solution  is  due  to  a  combination  so  feeble  that  ihe 
properties  of  the  dissolved  substance  do  not  disappear".' 

Again ; 

:ciprocal ;  its  effect  is  Ihe  result  of  a  mutual 

ight  not,  strictly  speaking,  lo  say  that 

upon  the  liquid ; 


"  Cbemical  action  is  : 
lendcDcy  to  combination. 
a  liquid  acts  upon  3.  solid, 
.:  IS  more  convenient  ho« 
:  tbc  substances,  when  01 


^ihtr  than  the  action  itself." ' 
'  Eiiai,  t.  59 — Ao. 


One  o 

rather  than  that  the  solid  a 
;vcr  lo  ascribe  the  whole  of  the  action  to  o 
c  wishes  to  examine  the  products  of  the  action, 
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When  lime  is  placed  in  water,  mutual  action,  said  Berthollct, 
begins  at  once,  but  the  cohesion  of  the  particles  of  the  solid 
is  so  great  tliat  the  dissolving  action  of  the  water  does  not 
produce  any  marked  effect  for  some  time  ;  but  water  is  being 
absorbed  by  tlie  lime,  and  thus  the  effect  of  the  cohesion  of 
the  particles  of  the  lime  is  slowly  overcome  by  that  of  the 
solvent  action  of  the  water,  until  finally  the  lime  dissolves. 
During  this  process  two  combinations  of  lime  and  water  are 
formed,  one  solid,  the  other  liquid ;  the  effect  of  one  force, 
cohesion,  is  to  increase  the  amount  of  the  former  ;  the  effect 
of  another  force,  solution,  is  to  increase  the  amount  of  the 
latter  combination.  A  state  of  equilibrium  is  cstablislioi, 
and  continues  so  long  as  the  conditions  are  unchanged; 
but  alteration  of  temperature,  or  changes  in  the  relatii'e 
masses  of  water  and  lime,  suffice  to  overthrow  this  equilibrium 
and  to  establish  another'. 

Berthollet  not  only  formed  a  clear  mental  image  of  a 
system  as  held  in  equilibrium  by  the  actions  and  reactions  of 
its  various  constituents,  but  he  had  also  what  I  think  must  be 
regarded  as  a  very  clear  conception  of  the  chief  forces  con- 
cerned in  maintaining  this  equilibrium.  In  the  summary  ti> 
Part  I.  of  the  Essai,  he  says : 

"The  chemical  qualiiies  of  different  substances  dq>end  (i)  on  tbot 
tendencies  to  combine,  whereby  they  mulually  saturate  each  Other,  ud 
which  tendencies  remain  more  or  less  dominant  in  the  coropouoib 
produced ;  (2)  on  their  relations  to  heat,  which  modify  their  combiaiaf 
powers,  by  causing  variations  in  the  quantities  of  Ihc  substances  c 
within  the  spheres  of  mutual  action,  and  also  by  opposing  claslicUf 
{^i/iisticiil'^)  to  condensation,  the  latter  of  which  is  one  of  ihe  eOects  of 
combination ;  (3)  on  the  mutual  actions  of  their  small  particles  (mofitmla'), 
afting  in  the  same  direction  as  ihe  affinity  which  has  produced  c 
bination,  but  opposed  10  actions  and  reactions  between  these  paitickf 
and  those  of  other  substances;  (4)  on  their  relations  to  other  substanco, 
which  combine  with  them,  but  not  so  as  to  produce  a  mutual  s 

'  Euai,  1.  37. 

•  SlatlicitJ.     Berthollet  usei  this  word  a»  meaning  nearly  the 
lioH,  01  perhaps  we  might  now  say  disgregatioii. 

*  MaUiuUi.    This  won!  as  employed  by  BctlhoUci  ineaus  only  a  small  iMitickt 
J  have  thought  it  better  nol  to  u!e  the  letm  '"i>J<rK/f,  as  ihU  is  now  employed 
a  more  definite  meaning  l\io,li  imall  farticXt. 


in  Ks  I 

Big 
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»'),  but  rather  a  division  and  varying  distribution  of  propertiesi  J 
hicfly  of  those  properties  which  depend  on  the  const liuti on  {^o»-B 

Bettliollet's  conception  of  afTinity  as  an  attractive  force 
acting  between  the  minute  particles  of  bodies,  and  modified 
in  its  results  by  the  action  of  other  forces,  led  him  to  pay 
t  attention  to  the  influence  of  the  masses  of  the  bodie 
^g  part  in  any  chemical  change.  Just  as  the  cohesion,  I 
I  elasticity,  &c.,  of  the  members  of  a  system  of  bodies  are 
-dependent,  among  other  conditions,  on  the  masses  of  the 
bodies,  so,  in  Berthollet's  view,  is  afliinity  dependent  on  mass: 

**  Every  subsiancc,"  said  Bcrihollet,  "  which  eaters  into  combination 
s  by  its  affinity  and  its  mass."' 

B  conception  which  the  great  French  chemist  formed  of  a  I 
mical  reaction  was  radically  opposed  to  that  upheld  by  I 
Ulustrious  Swedish  predecessor. 

Let  two  acids  interact  with  a  base  in  aqueous  solution.  | 
icrted  that  the  acid  with  the  stronger  affinity  j 
ibincd  with  the  whole  of  the  base,  and  the  other  acid 
joined  unconibined.  BerthoUct  declared  that  both  acids  J 
racted  witii  the  base,  and  that  the  mass  of  the  base  which  j 
lined  combined  with  either  acid  when  equilibrium  was  i 
lablished  depended  partly  on  the  intensity  of  the  attraction  j 
between  the  particles  of  the  base  and  of  the  acids,  and  partly  i 
on  the  relative  masses  of  the  three  bodies  present  in  the  J 
ting  system, 

^mann  taught  that  a  chemical  change  proceeds  in  one  | 
Jction  only,  and  that  the  direction  is  entirely  dependent  0 
trclative  affinities  of  the  interacting  bodies;  but  he  was  1 
1  to  acknowledge  that  the  aflinities  of  some  bodies  foe  I 

By  salur^ioH  ef  fiBpcrtio  Bcrthollct  means  lluU  merging  of 
■rtics  of  the  constituents  in  thos«  of  ihe  new  compound  which  it  so 
■riEtic  of  chemickl  change. 

The  avutilutuH  of  i  lubsUnce  is  con^ilioned  according  to 
rt  b]r  its  ciindaualion  and  dilatalion:  'the  properties  which  depend  on 
Ktitotion'  of  ■  EUbMaJice  msy  lie  taken  u  Eaciuiiii£,  hroodl;,  the  phyucal 
>  fif  ihemfaitiutce. 
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another  arc  sometimes  so  nearly  balanced  that  a  compoum 
of  all  the  reacting  bodies  is  produced ;  and  he  was  also  forced 
to  admit  that  the  order  of  the  affinities  of  a  series  of  bodJe 
for  one  and  the  same  body  may  be  changed  or  even  reversed 
by  changing  the  physical  conditions  under  which  the  chcmicd 
reaction  proceeds. 

Berthollet,  on  the  other  hand,  taught  that  a  chemical 
change  may,  and  often  does,  proceed  in  two  directions ;  that 
is  to  say,  that  certain  bodies  may  react  to  produce  otheiS 
which  may  then  by  their  interactions  reproduce  the  original 
bodies;  that  the  equilibrium  which  is  finally  attained  by  a 
system  of  interacting  bodies  is  the  result  of  the  action  and 
reaction  of  ail  the  members  of  the  sj'Stem ;  and  that  the 
conditions  which  chiefly  affect  this  equilibrium  are  the  affinity 
and  the  mass  of  each  body,  and  also  the  physical  conditions 
under  which  the  change  proceeds  and  the  physical  properties 
of  the  different  possible  products  of  the  change. 

BerthoUet's  researches  established  three  points  of  funda- 
mental importance : — chemical  action  is  conditioned  not  only 
by  the  intensities  of  the  affinities,  but  also  by  the  relative 
masses,  of  the  reacting  bodies;  a  chemical  change  is  gene- 
rally more  or  less  reversible  by  changing  the  masses  of  the 
reacting  bodies,  it  is  only  in  extreme  cases  that  a  chemical 
change  proceeds  wholly  in  one  direction ;  the  forces  whidt 
come  into  play  in  chemical  occurrences  are  of  the  sameldnd 
as  those  which  we  call  physical. 
7  The  period  of  sixty  years  following  the  publication  d 
BerthoUet's  Essai  is  not  marked  by  any  great  advance  in  the 
study  of  chemical  affinity ;  nevertheless  various  important 
researches  were  conducted  in  this  period  the  results  of  wlii^ 
served  to  emphasize  the  importance  of  BerthoUet's  funda- 
mental conception  of  the  influence  of  the  relative  masses  <jI 
chemically  reacting  bodies  on  the  course  of  a  chcmiol 
change  and  on  the  equilibrium  finally  attained  by  the  system. 

In  1S53  Bunsen'  examined  the  change  which  occurs  1 
a  mixture  of  carbon  monoxide  and  hydrogen  is  cxpMti 
with  a  quantity  of  oxygen  less  than  sufficient  for  the  c 
'  ^iina/crt,  M,  iji-,  ^ee  j\so\\tixa,tntkwa,  A«niitaii,wo.  »j8. 
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ete  combustion  of  both  gases.    Bunsen  shewed  that  some  of 
:  oxygen    enters  into  combination  with   the  carbon   mo- 
noxide and  some  with  the  hydrogen,  and  that  the  quantity  of 
each  of  these  gases  burnt  depends  on  the  relative  masses  of 
the  combustible  gas  and  the  oxygen. 

In  1855,  Gladstone',  by  studying  the  amount  of  change 
which  occurs  when  potassium  sulphocyanide  and  ferric 
chloride  react  in  aqueous  solution,  exhibited  very  clearly  tlie 
influence  of  mass  on  chemical  change.  Gladstone  shewed 
that  when  ferric  chloride  and  potassium  sulphocyanide  react, 
only  a  portion  of  each  salt  is  changed  unless  the  mass  of  one 
is  made  6oa  or  700  times  as  great  as  that  of  the  other ;  he 
also  shewed  that  the  quantity  of  ferric  sulphocyanide  formed 
increases  continuously  with  an  increase  in  the  quantity  of 
potassium  sulphocyanide  used. 

It  is  important  to  note  that  Gladstone  used  determina- 
tions of  physical  properties,  such  as  depth  of  colour,  as  in- 
dications and  measurements  of  tlie  chemical  change  which 
occurred. 

Berthoilet  and  P.  dc  Saint  Gilles'  in  1862—63  made  a 
large  number  of  measurements  of  the  amount  of  change 
which  occurs  when  an  alcohol  and  an  acid  react  to  form  an 
ethereal  salt  and  water,  and  established  the  influence  of  the 
masses  of  the  reacting  bodies  on  the  change  in  question. 
68  The  year  1867  is  marked  in  the  history  of  chemistry  by 
the  publication  of  a  most  important  memoir  on  affinity  by 
Guldberg  and  Waage  entitled  £,tudes  sur  Us  Affinith  Chimi- 
qu€S*. 

Guldberg   and  Waage   restate   BerthoUet's  law  of  mass- 
action  in  a  form  in  which  it  is  capable  of  quantitative  ap- 
t"     lion;  they  assert  that 
'Aif.  Tram.  WW.  179;  and  C.  S.  Journal,  8.  J4. 
inn.  CAim.  Pkyi.  (j).  6S.  j9; :  86,  5 ;  68.  115.    Amoi^  other  memoirs  on 
lneae«tif  inass  may  beineniioncd  Maigucrilte  Campl.rtnd.'Xi.j/i^-,  Tissicr. 
.  rmd.  41,  jii;  Dulong,  Ann.  Chim.  Phys.  B2.  375;  Row.  AffT-  Ann. 
t;  M.  96,  tHf.  416:  Mnlaguli,  Ann.  Chim.  Pkys.      (3).  87.   198:   Chic- 
,  >4i>n>uCni,  Bspplbd.  4.  116;   MolrU,  Wn la/en,  813.  i^j. 
ubluhi-d  by  llic  Lfaivenity  o/  Chtisiianiii ;   coi«m«a\kin  in  7-  /«»  fwoW. 
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Cliemical  action  is  proportional  to  the  active  » 
the  bodies  taking  pari  in  the  reaction. 

The  active  mass  of  a  specified  body  taking  part  in  a 
reaction  is  tlie  mass  of  that  body  stated  in  equi\'alent 
weights,  present  in  unit  volume  of  the  chemical  system.  Thus 
if  solutions  of  hydrochloric  acid,  sulphuric  acid,  and  caustic 
soda  are  mixed  in  the  ratio  2HCI:  H,SO,;  sNaOH,  the 
active  masses  of  the  hydrochloric  acid,  sulphuric  acid,  and 
soda  arc  r.  i,  and  i,  respectively,  H,SO,  being  taken  as  one 
equivalent  of  sulphuric  acid. 

Guldberg  and  Waage's  law  of  mass-action  states  that  tho 
action  of  each  substance  in  a  system  of  interacting  bodies  Is 
proportional  to  the  active  mass  of  that  substance,  and  that 
the  total  action  is  proportional  to  the  product  of  all  the  active 
masses, 

But  the  amount  of  chemical  change  which  occurs  when 
two  or  more  substances  react  is  not  dependentsolely  on  the 
active  masses  of  the  substances,  it  is  also  conditioned  by  the 
chemical  nature,  and  the  state  of  aggregation,  of  the  sub- 
stances, the  temperature,  and  other  variables.  Guldberg  and 
Waage  group  together  these  variables  and  express  them  by 
a  coeflScient  called  by  them  the  coefficient  of  affinity,  and 
represented  by  the  symbol  k. 

Let  two  substances  P  and  Q  react,  and  let  the  acti« 
masses  of  these  be  represented  by  the  symbols  /  and  q; 
further  let  the  coefficient  of  affinity  for  the  reaction  between 
P  and  Q  be  represented  by  k ;  then  the  amount  of  chemical 
change  which  occurs  will  be  proportional  to  the  product 
k.  p.  q.  Let  the  products  of  the  interaction  of  P  and  Q  be 
two  new  bodies  P"  and  Q,  and  let  the  active  masses  of  these 
bodies  be  represented  by  the  symbols  p'  and  q\  and  the 
coefficient  of  affinity  for  the  reaction  between  P'  and  Q  t 
represented  by  k',  then  the  amount  of  chemical  change  which 
occurs  between  F  and  Q  will  be  proportional  to  the  product 
k'.p'.q'.  Now  when  P  and  Q  interact  certain  quantities  c" 
P'  and  Q  will  be  formed,  and  these  will  at  once  interact  t 
re-form  P  and  Q ;  this  will  proceed  until  equilibrium  i 
■  after  whych  no  tytftoce  \ 


t.I.§l6S]      WORK   OF   GULDBERG   AND   WAAGE.  349 

active  masses  of  the  various  bodies  nor  in  the  values  of  the 
coefficients  of  affinity  of  cither  the  direct  or  the  reverse 
change.  When  equilibrium  is  attained  the  product  /•.  p.  q, 
will  be  equal  to  the  product  ^.p'.  q\  Hence  the  conditions  of 
equilibrium  are  expressed  by  the  equation 
k.p.g.  =  l:\p'.q. 

But  as  the  reaction  between  P  and  Q  proceeds  the  active 
masses  of  these  bodies  will  be  decreased,  and  the  active 
masses  of  the  products  of  the  change,  P  and  Q',  will  be  in- 
creased. Let  P,  Q.  P,  and  Q'  represent  the  masses  of  the 
four  bodies  present  in  the  chemical  system  at  the  beginning 
of  the  change,  these  masses  being  stated  in  equivalent 
weights;  when  equilibrium  is  established  x  equivalents  of 
P  and  X  o(  Q  will  disappear  and  x  equivalents  of  P  and 
-r  equivalents  of  Q'  will  simultaneously  be  formed  ;  let  /.  q, 
p',  and  g'  represent  the  active  masses  of  the  four  botlics 
present  when  equilibrium  results,  then  the  values  of  these 
active  masses  will  be  as  follows  : — 


.2-   ^,,-P'.+_- 

where  v  =  the  total  volume  of  the  system,  taken  as  unity. 

By  substituting  the  values  for  p,  q.p' ,  and  q'  in  the  equation 
of  equilibrium  we  have 


fr 


(P -X)(0-^}  =*'(/'■ +  :r)(<2'- 


Js  equation  holds  good  for  all  values  of  P.  Q,  P,  and  Q'. 

The  ratio  -y  can  be  calculated  from  a  determination  of  j-  for 

one  special  case,  and  from  the  value  of  this  ratio  values  can 
be  found  for  x,  and  therefore  for  the  distribution  of  the  four 
reacting  bodies  when  equilibrium  results,  starting  with  any 
specified  quantities  of  P,  Q.  P,  and  Q'. 

Guldberg  and  Waagc  thus  put  Bertholtct's  conception  of 
t  iic  influence  of  mass  into  an  exact  form.-  They  consider  the 
iiiasscs  of  the  several  bodies  comprising  a  chen\\caV  s-^iXcwv 
present  at  the  moment  iihcn  equilibrium  Is  cstabWaWeA.    TV*; 
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attempts  made  to  formulate  the  influence  of  mass  on  chemical 
change  previous  to  the  work  of  the  Nonvegian  naturalist; 
had  been  implicitly  based  on  measurements  of  the  masses  ol 
the  reacting  bodies  present  when  the  reaction  began. 
169  In  their  first  memoir  (Etudes  &c.)  Guldberg  and  Waage 
r^ard  the  occurrence  of  a  chemical  change  a.s  caused  by 
'chemical  force';  they  say  that  when  equilibrium  results 
system  of  four  bodies,  P.  Q,  P".  and  Q',  the  force  bringing 
about  the  formation  of  P"  and  Q'  is  held  in  equilibrium  by 
the  force  which  causes  the  re-formation  of  P  and  Q.  They 
also  attempt  to  take  into  account  the  possibility  of  secondary 
changes  among  the  reacting  bodies  and  to  express  these  En 
equations.  But  the  formulae  thus  arrived  at  are  too  com- 
plicated for  practical  application  ;  and  moreover  the  con- 
ception of  chemical  force  is  vague  and  unsatisfactory. 

In  their  second  memoir'  Guldberg  and  Waage  follow  the 
example  of  van't  Hoff,  and,  abandoning  the  notion  of 
chemical  force,  attempt  to  find  formula;  which  may  be 
applied  in  practice  by  starting  with  the  clear  conception  of 
chemical  equilibrium  being  dependent  on  the  equality  of  the 
rates  of  the  direct  and  reverse  chemical  changes;  le.  the)" 
consider  that  equilibrium  results  in  a  diemical  system  whca. 
the  quantity  of  substance  changed  in  one  direction  is  equal  to 
that  formed  in  the  other  direction  in  a  given  time.  Many 
measurements  had  been  made  of  the  rates  of  chemical  actions, 
but  Guldberg  and  Waage  were  the  first  to  establish  clearly 
the  connexion  between  the  velocity  of  a  chemical  change  and 
the  attainment  of  equilibrium  by  the  system.  This  was  done 
in  their  memoir  of  1867.  but  the  formulae  given  in  thai 
memoir  are  complicated  and  scarcely  suited  for  accurate 
application.  The  equation  arrived  at  in  the  second  mcrnwir 
as  representing  the  connexion  between  reaction- velocity  and 
equilibrium  is  identical  with  that  we  have  already  constdercfi; 
vi?..  k.p.q  =  k'.p'.q'. 

Let  there  then  be  a  chemical  system  of  four  bodies,  P,  G 
F,  and  Q\  let  P  and  Q  react  to  produce  P'  and  Q,  and 
P'  and  Q  react  to  re-produce  P  and  Q ;  equilibrium  result* 
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when  the  velocity  of  the  direct  change  {i.e.  the  production  of 
P  and  Q)  is  equal  to  that  of  the  reverse  change  (i.e.  the 
production  of  P  and  Q).  The  conditions  of  equilibrium  arc 
expressed  by  the  equation 

k.p.q.  =  k'.f!.q, 
or,  as  before, 

(P-x)  {Q-x)  =  ~  {F  -f  ^)  {Q  +x). 

.    h^ 

It  is  important  to  note  here  that  the  ratio  -r  is  not  analysed  ; 

it  is  simply  the  ratio  of  the  affinity  of  P  and  Q  to  that  of  the 
affinity  of  F  and  Q'  \  and  the  term  affinity  is  used  as  a  short 
expression  for  the  unknown  cause  of  the  chemical  reaction 
between  the  reacting  bodies. 
70  Guldberg  and  Waage  tested  their  equation  of  equilibrium 
both  by  using  the  results  obtained  by  other  chemists  and 
also  by  experiments  which  they  themselves  conducted. 

Thus  the  results  of  Bcrthollet  and  P.  de  Saint  GiUes'  on 
the  etherification  of  alcohols  by  reacting  with  organic  acids 
were  used  by  Guldberg  and  Waage.  The  members  of  the 
reacting  system  are  alcohol,  acid,  ethereal  salt,  and  water; 
the  direct  change  results  in  the  production  of  ethereal  salt 
and  water,  and  the  reverse  change  produces  alcohol  and  acid. 
The  following  numbers  shew  the  close  agreement  between 
the  observed  and  calculated  values  of  .r,  i.e,  the  number  of 
equivalents  of  acid  or  alcohol  transformed  into  ethereal  salt 
and  water  when  equilibrium  is  established. 

Series  I.  g 

OiM  cquivaleni  acid+  i 

Q  equivalents  alcohol.  i  -5 


Series  11. 
One  equivitlcDt  alcohol -f 
f  equivnlents  acid. 


h5  966  -sn^         J 

■  //*«.  CMm.  Fhyi.  (j).  6S  jft;.  ■ 
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Series  II.  Q    Q  Observed.     Caleulated. 

1  equiv.  barium  sulphatc+  3     -35  "zo  "198 

Sooequivs- water  (ai  100°)+  3     ;;  408  409 

Q  equivs.  potassium  carbonate+    2    -50  trace  "ooo 

Q  equivs.  potassium  sulphate 

1        Experimental  evidence  in  favour  of  Guldberg  and  Waage's 

law  of  mass-action  has  been  obtained  by  various  observers 

using  different  methods.     One  of  the  great  difficulties  consists 

in  finding  suitable  methods  for  measuring  the  distribution  of 

the  members  of  a  reacting  system  all   of  which  remain   in 

solution  when  equilibrium  is  established.     Very  many  of  the 

methods  which  have  been  found  to  give  trustworthy  results 

are  based  on  the  same  principle,  which  is  that  the  amount  of 

chemical  change  in  a  homogeneous  system  is  deducible  from 

measurements   of    some   definite   physical   properly   of   the 

system  and   determinations  of  the  changes  in  the  value  of 

this  property. 

Thomsen',  in  (869  and  subsequent  years,  shewed  that 
when  two  acids  and  a  base  react  in  aqueous  solution,  the 
distribution  of  the  base  between  the  acids  can  be  determined 
by  thermo-chemical  methods.  Let  the  heat  of  neutralisation 
of  the  acid  A  by  the  given  base  be  x  gram-units,  and  let  the 
heat  of  neutralisation  of  the  other  acid  B  by  the  same  base  be 
y  gram-units;  then  if  both  acids  simultaneously  react  with 
ihc  base  the  quantity  of  heat  produced  may  be  x  units,  in 
which  case  the  whole  of  the  base  has  combined  with  the 
acid  A,  or  /  units,  in  which  case  the  whole  of  the  base  has 
combined  with  the  acid  B,  or  a  number  between  x  and  y.  in 
which  case  the  base  has  divided  itself  between  the  two  acids  ; 
I  the  last  case  the  proportion  of  base  which  has  combined 
^ith  each  acid  may  be  calculated  from  the  observed  thermal 
c  of  the  reaction', 

In  1876  Ostwald'  shewed  that  the  distribution  of  a  base 
Btween  two  acids  can  be  determined  from  measurements  of 
B  specific  volume  of  a  solution  of  each  acid,  of  the  base,  of 
iie  liquid  formed  by  mixing  each  acid  separately  with  the 
:,  and  of  the  liquid  formed  by  mixing  both  acids  simuV- 

'  f'Sg  -•'«"-  '**■  ^f  ■  '  See  /h'lf  vi"-  iSj. 

*  /7y,'  ,-/«w.  ErgsM.  8.  if,^. 
ju:  c  ai 
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with  the  base'.     The  results  obtained  by  Thomsen 
twald  have  fully  confirmed  the  !aw  of  mass-action 
by  Guldbcrg  and  Waage  ;  and  this  law  has  also 
Id   by  other  series  of  experiments  conducted  by 
emists'. 

w  of  mass-action  may  then  be  regarded  as  well- 
1 ;    this   law  asserts   that  the  amount  of  chemical 
iLch  occurs  when   a  system  of  interacting  bodies 
uihbrium   is   proportional   to  the   product  of  the 
scs  of  all  the  bodies  taking  part  in  the  change  and 
ent  of  affinity  of  the  change. 

par.  [84. 
sptrimcnls  will  be  described  in  some  detail  later;  see  pars.  185,  i& 

CHAPTER   II. 

CHEMICAL  DYNAMICS. 

A  DETAILED  examination  of  the  applications  of  the  law 
{  mass-action,  which  was  stated  and  briefly  illustrated  in 
3»ap.  I.,  leads  to  the  consideration  of  the  forces  which  come 
llto  play  in  chemical  changes'. 

As  forces  are  measured  in  dynamics  either  by  measuring^ 
he  velocity  produced  in  a  specified  mass  in  unit  of  time,  or 
opposing  the  unknown  force  by  another  of  known  amount 
itil  equilibrium  is  attained,  so  may  measurements  of  chemical 
irces  be  obtained  by  determining  the  amount  of  change 
ich  occurs  in  unit  of  time,  or  by  opposing  the  direct  change 
another  in  the  opposite  direction  and  determining  the 
iditions  of  equilibrium. 

is  important  to  notice  that  when  we  speak  of  c/iemkal 

the  term  force  is  used  with  a  meaning  different  from 

in  which  it  is  employed  in  dynamics  :  by  chemical  force 

can  the  product  of  the  active  masses  of  the  various  bodies 

ifising  the  changing  system  and  the  constant  of  velocity  of 

inge.    And  by  '.•floi-ity  we  mean,  not  the  ratio  of  space 

:d    to  time   used    as   in    dynamics,  but   the   ratio   of 

1  chemically  changed  to  time  used  in  the  change. 

ig   the   term   chemical    force  with   this  meaning,  we 

,nd  that  a  chemical  change  is  conditioned  by  changes 

[chemical  force  in  much  the  same  way  as  an  electric 

i  conditioned  by  changes  of  potential. 

B  Chapter   I   hnvc  again  closely  followed   OMwbIiI'i  Ltkrimik  dtr 

I   Ckemit,   Bd.  II.    The   prwmt  ehiptcc  is  a  eonilensel   sccouni  ot 

e  fecimd  book  orO»lwaiil'«  IWvaniitKAafiiltlirt. 
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Those  methods  of  measuring  what  we  have  called  chemica 
forces  which  are  based  on  determinations  of  the  velocities  o 
chemical  changes  may  be  called  kinetical  mttkods,  while  th 
term  statical  met/tods  may  be  applied  to  those  which  ar 
founded  on  determinations  of  the  conditions  of  equilibrium. 

The  methods  whereby  measurements  have  been  made  0 
the  velocities  of  chemical  changes,  with  the  view  of  dc 
termining  the  intensities  of  the  chemical  forces,  have  usuallj 
been  chemical ;  whereas  both  physical  and  chemical  methodi 
have  been  used  for  determining  the  conditions  of  equilibriui 
of  chemical  systems: 

I  shall  begin  by  considering  some  of  the  kinctica! 
methods. 

Section  I.      Velocity  of  C/iemical  Change. 

173        Wenzel',  in  1777,  measured  the  times  required  bydiffercnl 
acids  to  dissolve  equal  quantities  of  the  same  metal,  and 
attempted   to   draw   inferences   from   the   results   as  to  I 
relative  affinities  of  the  acids.     Thus,  he  says : — 

"  If  a.n  acid  dissolves  one  drachma  of  copper  or  zinc  in  an  hour,  lliet 
an  acid  of  half  the  strength  requires  two  hours  to  dissolve  the  WW 
amount  of  copper  or  zinc,  the  surfaces  exposed  and  the  temperature  bcioj 


Berthoilet'  made  observations  somewhat  similar  to  those 
of  Wenzel.  He  said  that  the  velocity  of  a  chemical  c!ung( 
is  greater  the  greater  is  the  chemical  force;  but  he  t 
that  the  velocity  diminishes  as  the  change  approaches  cot 
plction,  and  that  reactions  which  begin  rapidly  often  fioi 
very  slowly. 
174  Wilhclmy*,  in  1 850,  gave  a  mathematical  form  for  ll 
fundamental  connexion  between  the  quantity  of  piauri 
changed  and  the  time  required  in  a  chemical  reaction. 

Wilhelmy  examined  the  inversion  of  cane  sugar  in  aqiw* 
solution  in  the  presence  of  acids;  C„H„0„  4-  H,0  =  2C,HJ^ 
The  amount  of  change  at  any  moment  can  be  dcterntinc^ 
measuring  the  specific  rotatory  power  of  the  liquid. 

'  Lekn  von  der  I'mwmi/iiflfl  [Dresden,  17771.18. 

*  Eisai,  \.  409.  '  P'lgg-  <^nn.  SI.  4ii>  499- 


S  173- 
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The  assumption  made  by  Wilhelmy  was  that  the  mass  of! 
Ogar  changed  in   unit-lime   is  proportional  to  the  mass  ofl 
aining  unchanged  in  the  reacting  system. 
Let  A  =  mass  of  sugar  originally  present ;  let  x  =  mass  oJ 
;ar   changed    in    time  0;   then   the    ratio   of  the   amount 
inged,  dx,  to  the  time,  d0,  is  given  by  the  equation 

Iiere  A—x  is  the  amount  of  unchanged  sugar  and  c  is 
constant 

The  ratio  ^  expresses  the  velocity  of  the  chemical  change, 

;  in  shorter  words,  the  reaction-velocity. 
Ostwald'  integrates  the  above  equation  to  get  it  into  a 
form  in  which  it  may  be  applied ;  he  counts  the  time  from 
the  moment  when  the  sugar  solution  is  brought  into  contact 
with  the  acid,  i.e.  when  6  =  0  and  x  =  o.     The  final  form  J 
which  the  value  of  the  constant  appears  is 
I,        A 
-&^A-x- 

5  -^ is  nearly  constant  f<J 

llues  of  8  varying  from  15  to  630  minutes. 
I  Later   experiments   conducted   by   Ostwald '  on   the  in- 
rsion  of  cane  sugar  have  confirmed  the  result  of  Wilhelmy, 
kt  the  react  ion -velocity  at  each  moment  is  proportional  to 
I  mass  of  sugar  capable  of  undergoing  change. 
lExpcriments  conducted  by  different  chemists  with  dif- 
pt  changing  systems  have  shewn  that  the  result  obtainec 
Vilhclmy  holds  good   in  very  many  and  verj-  ditlerei 
This  result  may  be  stated  in  these  words ; — 
iT-fe  amount  of  clumical  cltattge  at  any   moment   is  j 
\nal  to  the  mass  of  tlie  changing  body  in  the  system. 
mong  the  more  important  researches  which  have  < 
|icd  the  accuracy  of  this  statement  may  be  mentioned 
;  and  Ksson's  examination  of  the  reaction  betwet 


The  numbers  shew  that  -p.V 


^hrbiuh.  i.  fii'j. 


'  J.fUrprakt.  Cllmu(  W-»>  J*5i- 
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potassium  permanganate  and  a  lai^e  excess  of  oxalic  acid ' 
and  tlie  reaction  between  peroxide  of  hydrogen  and  hydriodu 
acid';  Ostwald's  examination  of  the  catalytic  change  < 
methylic  acetate  to  methylic  alcohol  and  acetic  ; 
presence  of  different  acids';  van't  Hoff's  examination  of  th( 
change  of  dibromosuccinic  acid  (from  fumaric  acid)  to  bromo 
malcic  acid  and  hydrobromic  acid  by  boiling  with  water,  am 
of  monochloracetic  acid  to  glycoUic  acid  and  hydrochlorie 
acid  in  presence  of  water*. 

In  all  these  cases  the  value  of  the  expression  ^  log  -; 

nearly  constant*.  The  fact,  that  the  velocity  of  the  early  stages 
of  a  chemical  change  is  often  different  from  tlie  velocity  what 
the  change  has  proceeded  for  a  little  time,  introduces  a  possible 
source  of  error  into  the  observations  on  which  the  statement 
concerning  the  proportionality  between  the  rate  of  change  wid 
the  mass  of  the  changing  body  is  based.  But  this  error  may 
be  obviated  by  counting  the  time  from  the  moment  wheii  the 
velocity  of  the  change  becomes  regular,  or  by  determining 
the  reaction-velocity  for  definite  intervals  while  the  chaoge 
proceeds ' 

The  outcome  of  these  experiments  then  is  to  establtsi 
a  simple  relation  between  the  quantity  of  a  body  undergoii^ 
chemical  change  and  the  time  occupied  in  accomplishing  llie 
change.  In  all  cases  only  one  body  was  undergoing  change 
or  if  more  than  one  actually  underwent  change  then  tht 
masses  of  all  except  one  were  made  so  laige  that  changi* 
in  these  masses  could  practically  be  n<^!ected.  It  is  aJ» 
_  to  be  noted  that  all  the  changing  systems  examined  »Bf 

H  homogeneous;    no   separation   of    gases   or  solids   occum' 

H  during    the    various    processes.     With    these    limitations,  '* 

H  appears  that  chemical  change  obeys  the  same  law  as  ga^ 

^^L        Oil 


'  /'Aii.  Tratu.  fot  1B68.  193.  »  Phil.  Tram.iarVXI.  IIJ. 

*  y.Mfrakl.  Chtmit  ()).  U.  4+9. 

*  fltuilts  di  dynamifiu  (himiqui[hxnsletAa.ta,  iSB^J,  14, 

*  For  ilelaitE  of  the  methods  used  for  me&suiing  ihe  velocilict  of  I'keat  (t 
uid  for  tables  shewing  the  actual  anil  observed  values  of  IJie  coosUi 
Oslwald's  Likriuih.  a.  616— 614, 

■  See  Osiwald,  Itic.  tit.  614. 
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I 

^Bfttive,    electrostatic,    electrodynamic,    electromagnetic,    and 

HEotiher  physical  changes. 

n        But  we  must  now  proceed  to  cases  where  more  than  one 
body  undergoes  chemical  change  at  the  same  time. 

If  we  assume  that  the  amount  of  change  which  each 
member  of  the  .system  undergoes  is  proportional  to  the  active 
mass  of  that  body,  then  the  product  of  the  active  masses  of 
all  the  changing  bodies  gives  the  function  which  expresses 
the  velocity  of  the  complete  reaction. 

In  order  to  find  whether  this  assumption  is  Justified  by 
facts,  Ostwald'  begins  by  finding  an  expression  for  the 
reaction -velocity  when  two  bodies  only  are  concerned.  Let 
A  and  B  represent  the  masses  of  the  bodies  originally 
present,  and  let^  =  the  portion  of  each  changed  in  the  time 
0,  these  masses  being  measured  in  equivalents;  then  the 
reaction-velocity  is 


r)lB- 


where  c  is  a  constant. 

If  equal  numbers  of  equivalents  of  the  two  bodies  are 
concerned  in  the  change  then  A=B,  and 

By  integration,  taking  x  and  Q  simultaneously  equal  to 
zero,  the  equation 

A  -X 
I  obtained. 
I  If  the  fundamental  assumption  is  correct,  the  product  Ac 

t  remain  constant  when  x  varies:  j4f  =  a.  -^ —  . 

The    experiments    made   by    Hood'   on   the   change   of 

ttassium  chlorate  and  ferrous  sulphate  in  acid  solution  to 

isium  chloride  and  ferric  sulphate,  arc  used  to  test  the 

luracy  of  the   equation.     In  these  experiments  G  varied 

20  to  520  minutes,  and  Ac  was  almost  constant,  ranging 

100737  to  00760;  when  Q  became  628  and  639  mins. 


J 
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Ac  became  '00726  and  00725,  but  in  these  cases  A  —  j  was 
small  that  the  calculation  of  Ac  is  uncertain. 

Among   other  determinations  whereby  values  are  foum 

for  the  function   ., ■  -.  -_     are  (i)  Warder's  measurements 

the  rate  of  saponification  of  ethylic  acetate  by  caustk 
soda';  (2)  Ostwald's  determination  of  the  rate  of  change 
acctamide  in  presence  of  an  acid  into  acetic  acid  and  the 
ammonium  salt  of  the  acid  used';  and  (3)  van't  HofTi 
experiments  on  the  velocity  of  the  reaction  wherein  sodium 
monochloracetate  and  soda  are  changed  to  sodium  glycoliaM 
and  sodium  chloride'.  In  the  first  set  of  experiments  the 
rate  of  change  was  determined  by  titrating  from  time  to  time 
with  a  standard  acid ;  in  Ostwald's  experiments  the  rate  o| 
change  was  determined  by  decomposing  the  unchangetl 
acetamide  by  sodium  hypochlorite  and  measuring  the  nitrogen 
evolved ;  and  in  the  third  case  van't  Hoff  measured  I 
amount  of  change  in  specified  times  by  titrating  the  residual 
soda  by  means  of  a  standard  acid. 

In  each  set  of  experiments  Ac  has  a  nearly  constsnt 
value;  the  value  varies  from  "loC  to  113  in  Warder's  ex- 
periments where  6  varies  from  5  to  120  minutes  ;  in  OstwaliTi 
experiments  Ac  varies  from  0087  to  '0092,  Q  varying  from 
15  to  240  minutes;  and  in  van't  HofTs  experiments,  where! 
varies  from  g  to  374  minutes,  Ac  varies  from  -00551  to  -0061} 

The  expression  already  given  for  the  reaction-vclociT^ 
when  the  two  bodies  undergoing  change  are  present  in  wjiul 
numbers  of  equivalents  is  applicable  with  some  modtficatioi 
when  an  excess  of  one  of  the  reacting  bodies  is  employeJ' 
In   this   case   A   is  not  equal  to  B  and  on   integrating  tJ 

equation  j^  =  (A  -x)  {B  -x)  c,  we  obtain  the  expression 
Hood'   determined   the   rate   of    the    change    occunil 


'  Amer,  C.  foumal  for  1883.  No,  ; 
'  Eludes  dt  dynamiquc  ikimiqiu,  »< 
"  Phil.  Mag.  \i).  6.  jjS. 


'  See  Oslwaid,  JW.  dt,  631, 


between  ferrous  sulphate  and  potassium  chlorate  when  an 
excess  of  one  of  the  salts  was  used.  In  one  case  there  was 
twice  as  much  chlorate  employed  as  was  required  for  the 
reaction ;  and  in  the  other  case  four  times  as  much  ferrous 
sulphate  as  was  required.  If  A~FeSO^  and  5  =  KCI0,, 
then  in  the  first  case  A  =  2B,  and 


Old  in  the  second  case  S  =  4A,  and 


log  j-^- 3  Ace. 

The  actual  value  found  for  Ac  in  the  first  set  of  expen- 
Iprts  varied  from  "001965  to  '00202,  9  varying  from  30'5 
i  360  minutes ;  and  the  actual  value  found  for  Ac  in  the 
»nd  case  varied  from  '0041 1  to  '00431,  6  varying  from 
I  to  231  minutes. 

'  There  is  then  ample  experimental  evidence  in  support  of 
e  assertion  that  when  more  than  one  body  is  simultaneously 
idergoing  chemical  change  the  rate  of  the  change  is  pro- 
rtional  to  the  product  of  the  active  masses  of  all  the  bodies 
I  the  changing  system  '. 
I  The  foregoing  treatment  of  the  relation  between  the  rate 
t  a  chemical  change  and  the  amount  of  the  changing  bodies 
plies,  that  if  more  than  one  substance  is  undergoing  change, 
Ich  obeys  the  law  of  mass-action,  and  each  change  proceeds 
f  if  it  were  independent  of  the  others.  The  truth  of  this 
[oposition  is  rendered  apparent  by  the  close  agreement 
the  observed  rates  of  many  different  chemical 
Lctions  and  the  values  calculated  on  the  assumption  that 
e  amount  of  change  at  any  moment  of  any  one  member  of 
;  system  is  proportional  to  the  active  mass  of  this  body, 
1  the  total  change  at  any  moment  is  proportional  to  the 
duct  of  the  active  masses  of  all  the  changing  bodies. 


*  OslWkld,  Ue.  tit,   631 — 634,  develops  the  necessary  eqaalioi 
olplex  teiwlioni  thajx  those  w«  have  considered,  but  these  equotioi 
Li^  applied  foi  lack  of  experimenia]  data. 


t  yet 
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This  proposition  is  called  by  Ostwald  iiu  principU  of  the 
co-existence  of  reaclions. 

Many  of  the  reactions  considered  in  the  previous  para- 
graphs have  been  regarded  as  more  simple  than  they  really 
are ;  small  secondary  changes  have  been  overlooked.  For 
instance,  when  methylic  acetate  reacts  with  water  in  the 
presence  of  an  acid  to  produce  acetic  acid  and  methylic 
alcohol,  the  rate  of  change  is  influenced  by  the  acetic  acid, 
produced.  If  these  secondary  changes  are  taken  into  account 
in  the  calculation  of  the  theoretical  constant  of  each  reaction, 
the  total  change  being  treated  as  made  up  of  the  primacy 
change  and  one  or  more  small  secondary  changes,  the  values 
obtained  for  the  constant  shew  smaller  variations  than  if  the 
small  secondary  changes  are  overlooked.  But  this  is  exactly 
what  ought  to  be  if  the  principle  of  the  co-existence  of  re- 
actions is  true '. 

Ll78  When  a  solid  and  a  liquid  Interact  we  have  a  heterogeneout 
system.  The  amount  of  change  in  a  given  time  is  here  also 
proportional  to  the  product  of  the  active  masses  of  the  changing 
bodies.  But  the  active  mass  of  the  solid  is  proportional  to 
tlie  surface  exposed,  and  not  to  the  total  mass  of  the  solid. 
The  equation  by  which  the  reaction-velocity  can  be  calculated 
must  therefore  be  modified.  If  ic  =  the  surface  of  the  solid 
the  equation  becomes 


lie 


and  by  integration 


It  is  difficult  to  apply  this  equation ;  the  results  of  ««• 
periments  shew  a  certain  amount  of  variation  in  the  value  (/ 
what  ought  to  be  a  constant.  Hut  it  is  almost  impossUe 
to  get  a  constant  surface  of  a  solid ;  tlie  solution  of  the  9 
in  the  liquid  causes  the  action  to  slacken ;  gases  arc  s 
times  formed  on  the  surface  and  the  surface  is  diminiAal 
and  so  on  *. 

>  OstwaM,  loc.  n't.  3.  636,  jiiiis  the  principle  of  the  co-custcnc«  at  imO 
ft  roalhcniaiical  form.  '  See  Oetwald,  Av.  o>.  t.  6iS— 6«» 


( 
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Section  II.     Chemical  Eqitilibmim. 

79  We  must  now  glance  at  the  statical  methods  whereby  it 
has  been  attempted  to  measure  chemical  forces.  In  these 
methods  a  chemical  system  is  brought  into  equilibrium  by 
opposing  a  change  in  one  direction  by  a  change  in  the 
opposite  direction,  and  the  distribution  of  the  various 
members  of  the  system  is  determined  when  equilibrium 
results. 

The  methods  which  are  applicable  here  are  either  chemical 
or  physical.  Chemical  methods  may  be  used  in  cases  where 
the  system  is  heterogeneous  and  one  or  more  of  the  members 
of  the  system  can  be  measured  by  some  ordinary  analytical 
process  without  disturbing  the  equilibrium  which  the  system 
has  attained ;  for  instance,  an  acid  reacts  with  an  insoluble 
salt  of  another  acid  forming  a  soluble  salt  and  a  new  acid— 
e.g.  calcium  oxalate  and  hydrochloric  acid  produce  calcium 
chloride  and  oxalic  acid^the  soluble  acid  or  salt  may  be 
determined  in  a  portion  of  the  system  when  equilibrium  has 
been  reached.  Physical  methods  may  be  used  in  cases  where 
the  system  is  homogeneous  and  where  the  removal  of  any 
portion  of  a  member  of  the  system  would  disturb  the  equi- 
librium of  the  system  ;  in  these  methods  either  a  physical 
change  which  accompanies  and  forms  the  measure  of  the 
chemical  change  is  measured ;  or  a  physical  property  is 
measured  the  value  of  which  is  dependent  on  the  distribution 
of  the  chemically  reacting  bodies'. 

30  If  a  body  A  is  changed  to  A,  and  if  A'  is  changed  to  A, 
the  system  will  attain  equilibrium  when  the  velocity  of  the 
primary  change  is  equal  to  that  of  the  reverse.  Let  p  be  the 
active  mass  of  A,  and/'  the  active  mass  of  A';  let  x  be  the 
number  of  equivalents  of  A  changed  to  A',  and  let  x  be  the 
niiniber  of  equivalents  of  A'  changed  to  A,  at  any  moment; 

'  Stcinheil  \^AnnaUyi,  48.  153  [1S43])  wa^  tbc  Hist  to  give  x  gencial  statemcnl 
uf  Uk  Uieuij  shewing  the  depcadeiice  of  physical  properties  of  a  chctnicM  lyslein 
Ln(M  ia  the  ammgemenl  of  the  members  of  the  sjsiem.     The  theory  is 
a  dctnil  in  Osivnld's  Lthrbueh,  3.  ;£3— 7;g. 
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then  the  velocity  of  the  direct  change  f^j  is 

and  the  velocity  of  the  reverse  change  1-^1  is 

Butx  must  equal  -x  and  dx  =  -dx';  so  that 

And  therefore  the  reaction-velocity  of  the  whole  change, 

as 
dx 


dd 


-.{p-x)c-{p--\-x)c 
dx 


and 


The  condition  of  equilibrium  is    .a~°''  therefore,  if  f  is 
the  value  obtained  by  x  when  equilibrium  results 

c  p~r 

Now  as  /  —  1^  is  the  mass  (in  equivalents)  of  the  body  A, 
and  p'  +  ^  is  the  mass  of  A',  present  in  the  system  when 
equilibrium  results,  and  as  these  masses  are  independent  of 
the  original  values  of  /  and  /',  the  equation  shews  equi- 
librium to  result  in  a  system  of  two  chemically  interacting 
bodies  when  the  active  masses  of  the  bodies  are  in  1 
same  ratio  as  the  velocity-constants  of  the  primary  a 
reverse  changes. 

The  value  of  f  can  be  determined  experinncntally,  a 
from  this  the  ratio  of  the  velocity-constants  of  the  two  pa 
of  the  change  can  be  calculated. 

If  one  of  the  two  bodies  is  in  a  different  state  of  aggr^atiol 
from  the  otlier,  then  the  active  mass  of  one  is  constant ;  U 
if  the  system  is  composed  of  a  solid  and  a  liquid  or  a  g 
the  active  mass  of  the  solid  is  constant  towards  the  liquid  • 
gas ;   hence,  in  such  a   case   tlie  active   mass    of   the  oil* 
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constituent  must  also  be  constant  in  order  that  equilibrium 
may  result.  Such  cases  are  comparatively  simple;  and  they 
comprise  by  far  the  greater  number  of  cases  in  which  the 
equation  of  equilibrium  for  a  system  composed  of  two 
changing  bodies  can  at  present  be  applied. 

The  case  of  water  in  contact  with  ice  at  o"  is  a  typical 
one.  Equilibrium  is  independent  of  the  mass  of  the  ice  ;  and 
as  the  mass  of  water  in  unit  volume  of  the  system  is  inde- 
pendent of  the  absolute  mass,  it  follows  that  a  mixture  of 
ice  and  water,  in  any  proportion,  remains  in  equilibrium  at  o°. 
But  if  the  system  is  compressed  the  active  mass  of  the  water 
is  increased,  and  therefore  equilibrium  is  upset,  and  is  restored 
again  only  at  a  temperature  lower  than  0°.  If  a  solid  ex- 
pands on  melting,  then  equilibrium  between  this  solid  and 
its  own  liquid  is  attained  under  pressure  only  at  tempera- 
tures higher  than  that  of  the  normal  melting  point  of  the 
solid. 

So  also  in  cases  of  evaporation  of  liquids,  equilibrium 
results  at  a  definite  temperature  when  the  active  mass  of  the 
vapour  bears  a  certain  constant  ratio  to  that  of  the  liquid  ; 
to  maintain  the  constancy  of  this  ratio  the  active  mass  of  the 
vapour  must  remain  constant,  but  this  is  done  by  keeping  the 
pressure  constant.  The  constancy  of  the  pressure  of  a  vapour 
over  a  liquid  is  therefore  a  function  of  the  temperature,  and 
not  of  the  relative  quantities  of  vapour  and  liquid. 

Cases  of  solution  belong  to  the  category  we  are  now 
discussing.  When  a  salt  dissolves  in  water  the  active  mass 
of  the  solid  is  constant,  and  therefore  equilibrium  must  result 
when  a  definite  mass  of  the  solid  has  dissolved,  and  mu-st  be 
independent  of  the  relative  masses  of  dissolved  and  undis- 
solved salt  but  dependent  on  the  temperature. 

The  attainment  of  equilibrium  in  many  cases  of  allotropic 
change  is  also  conditioned  by  the  constancy  of  the  ratio 
of  the  active  masses  of  the  changing  bodies.  For  instance, 
11  the  change  of  paracyanogen  (CN),  to  gaseous  cyanogen 
.  '-S),  equilibrium    results   when   the   gas   attains   a   certain 

£jre  which  is  independent  of  the  mass  of  paracyanogen 
nt  but  varies  as  the  temperature  varies, 


I 
J 
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So  also  with  red  and  yellow  phosphorus '.  If  red 
phosphorus  is  heated  to  440^  the  pressure  of  the  vapouf 
increases  up  to  a  limit  which  is  independent  of  the  mass  of 
solid  phosphorus  present;  but  on  continued  heating  the 
pressure  falls  until  it  again  attains  a  constant  value.  If  yellow 
phosphorus  is  heated  to  440"  the  pressure  of  the  vapour  ii 
much  greater  than  that  from  red  phosphorus  at  the  same 
temperature;  but  the  pressure  falls  until  it  attains  the  same 
value  as  that  which  marks  the  final  equilibrium  between  red 
phosphorus  and  its  vapour  at  the  same  temperature.  The 
results  are  represented  graphically  in  the  accompanjang 
curve. 

Troost  and  Hautefeuille  have  shewn  that  red  phosphor 
exhibits  different  properties  according  to  the  temperature  at 


which  it  is  prepared.  Red  phosphorus  at  440°  gives  a  certA 
vapour-pressure;  equilibrium  results  when  the  active  massrf 
the  gas  has  attained  a  certain  value,  and  this  value  dcpcail 
on  the  pressure;  but  on  continued  heating  another  A'ariety'^ 
red  phosphorus  is  produced,  and  therefore  the  active  mai 
changes,  and  therefore  the  pressure  changes  until  cquUibc 
again  results  Yellow  phosphorus  at  440"  gives  a  ccrtail 
vapour-pressure ;  but  the  composition  of  the  vapour  i 
changing,  and  therefore  the  pressure  changes  until  th 
vapour  attains  a  definite  composition,  when  its  active  nu 
becomes  constant  and  equilibrium  results*. 

'  Hiitorf,  Pii^.  Ann.  ue.  193;  Troosi  and  Hnutefeu]ll«,  Ann.  Chim-fK 
(f  )■  9-  "53 :  t-emoitie,  Ann.  Chim.  Phys.  (4).  fli.  119. 

'  For  n  mote  deiailct)  tliicusKiiin  of  these  sod  olliet  ciucs  of  eqaillhhai 
helerogeneous  syslenu  composed  of  two  conslilaenU,  se«  Ostwold's  tfM^^ 
6*  J— 15  JO. 


f 
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Let  us  now  briefly  consider  the  equilibrium  of  a  system 
comprising  four  changing  bodies. 

Let  the  two  bodies  A  and  B  be  changed  to  A'  and  B"; 
let  the  active  masses  (in  equivalents)  of  the  four  bodies 
originally  present  be  p,  q,  p' ,  and  q' ,  respectively;  and  let 
X  bo  the  number  of  equivalents  of  A  and  B  changed  to 
A'  and  5",  and  ^  the  number  of  equivalents  of  A'  and  B 
changed  to  A  and  B,  at  any  moment ;  then  the  velocity  of 
the  direct  change  is  expressed  by  the  equation 

and  the  velocity  of  the  reverse  change  by  the  equation 

and  therefore  the  velocity  of  the  complete  change  is 

-^^={p-x){q-x)c-{p-  ^x){q'  ^x)c': 
and  the  condition   of  equilibrium,  i.e.   the   condition   under 
which  -jf,  ~ '^  ^""^   -*^  =  f   (•*■-    P^"*-    '8°)    is    given    by    the 
equation ' 

The  simplest  case  in  which  to  apply  this  equation  is 
obtained  by  using  equivalent  quantities  of  A  and  B  and 
allowing  these  to  react  without  the  addition  of  either  A' 
or  B' ;  in  this  case  p  —  q=\  and  p'  =  q'  =  o.  and  therefore 
(1  —{)'t:=f<r',  hence 

f 


i^y- 


^(,y- 


(J 

The  value  of  f,  i.e.  amount  of  A  and  B  changed,  and  that 
of  I  -f,  ie.  amount  of  A  and  B  remaining  unchanged,  is 
determined  experimentally,  and  from  these  values  the  ratio 
of  the  velocity-constants  is  calculated. 

*  ThU  equation  u  identical  wilb  ihal  obtained  b;  Gnldbeig  and  Wxage  Tor  tlie 
cqnllihritim  of  a  system  of  four  bodies,  but  ihf  constRQla  r  and  r"  appear  here  w 
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Ostwald  calls  the  ratio  f 


the  partition -coefficUnt  of 


^(,^,)' 


the  reaction ;  the  ratio  of  the  velocity-constants  in  this  case  is 

equal  to  the  square  root  of  the  partition- coefficient 

182        Three  important  series  of  experiments  with  homogeneous 

systems  have  given  results  to  which  the  equation 

t 
f. 

can  be  applied:  these  are  Thomsen's  measurements  of  the 
quantities  of  heat  produced  by  the  interaction  between  an 
acid  and  the  neutral  salt  of  another  acid  ;  Ostwald's  measure- 
ments of  the  specific  volumes  of  the  solutions  obtained  by 
mixing  an  acid  with  the  neutral  salt  of  another  acid ;  and 
Berthelot  and  P.  de  Saint  Gilles'  determinations  of  the  amount 
of  ethereal  salt  formed  when  equllibnum  results  between  an 
acid  and  an  alcohol. 

Thomsen's  experiments  are  based  on  the  proposition  that 
if  the  heat  of  neutralisation  of  an  acid  by  a  base  is  .x- units, 
and  the  heat  of  neutralisation  of  another  acid  by  the  same 
base  is  y  units,  the  heat  produced  on  mixing  equivalent 
ma-ises  of  the  t^vo  acids  with  the  base  will  be  z  units,  and 
s  will  be  equal  to  x,  or  equal  to  y,  or  will  be  a  number 
between  x  and  y,  and  that  from  observations  of  jr,  y,  and  s 
just  conclusions  can  be  drawn  as  to  the  partition  of  the  base 
between  the  acids. 

The  acids  chosen  to  begin  with  were  nitric  and  sulphuric, 
and  the  base  was  soda.  Whether  nitric  acid  is  added  to 
an  equivalent  quantity  of  sodium  sulphate,  or  sulphuric  add 
to  an  equivalent  quantity  of  sodium  nitrate,  or  equivalent 
quantities  of  soda,  nitric  acid,  and  sulphuric  acid  are  mixed, 
the  distribution  of  the  reacting  bodies  when  equilibrium 
results  will  be  the  same,  and  the  tliermal  value  of  the 
change  will  be  the  same '. 

Sulphuric  acid  and  soda  were  mixed  in  equivalent 
quantities   in    dilute   aqueous   solution    (SO,  -I-  20oH,0  and 

proposition  may  be  deduced  from  ihe  principles  of  Ihmiul 
xlso  been  ExpeiimentallY  proved  by  Thomscn;  see  P<^.  Ait*,  UC 


Na,0  +  20oH,0),  the  quantity  of  heat  produced  was  3i,3f 
gram-units.  The  quantity  of  heat  which  disappeared  when 
sulphuric  acid  was  added  to  sodium  sulphate  in  dilute  aqueous 
solution  was  determined  for  diRerent  proportions  of  the  acid 
and  salt ;  the  result  can  be  expressed  by  the  equation 

[KH'SO'Aq,  Na'SO'Aq]  =  -       -     3300  gram-units. 

If  therefore  i  +  «  equivalents  of  sulphuric  add  react  with 
an  equivalent  of  soda  the  thermal  value  of  the  change  may  be 
expressed  thus 

[  1  +  «  H'SO*Aq,  Na*OAq]  =  3 1,380  -  ^-^  3,300. 

Nitric  acid  and  soda  were  then  mixed  in  dilute  solution 
<N,O,  +  20OH,O  and  Na,0 +20oH,0);  the  quantity  of  heat 
produced  was  27,230  gram-units.  The  quantity  of  heat 
which  disappeared  when  nitric  acid  was  added  to  sodium 
nitrate  in  dilute  solution  was  So  gram-units  ;  this  is  so  small 
that  it  may  be  neglected,  and  the  reaction  between  equiva- 
lent quantities  of  nitric  acid  and  soda  may  be  expressed 
Jiermally  as 

[H'N'O'Aq,  Na'OAq]  =27,230. 
Equivalent  quantities  of  nitric  acid  and  sodium  sulphate 
I  dilute  solution  were  then  mixed  ;  the  quantity  of  heat 
Ifiiich  disappeared  was  3,500  units.  Now  if  the  sole  products 
T  the  reaction  between  equivalent  quantities  of  nitric  acid 
'.  sodium  sulphate  in  dilute  solution  were  sulphuric  acid 
sodium  nitrate,  the  quantity  of  heat  which  would  dis- 
Ppear  in  this  reaction  would  be  equal  to  the  difference 
t>et\veen  the  heat  of  neutralisation  of  nitric  acid  and  that 
of  sulphuric  acid  by  soda';  this  quantity  is 

27.230-31.380=  -4.150. 
'*"t  the  quantity  of  heat  which  was  actually  used  was 
3*500;  therefore  the  whole  of  the  sodium  sulphate  had  not 
■'^^^n  changed  to  sodium  nitrate,  and  therefore  the  system 
*^p«n  in  equilibrium  contained  sodium  nitrate  and  sulphate 
^  also  nitric  acid  and  sulphuric  acid.  And  moreover,  if  the 
^itM»»SO«Aq,  N"0«AqJ.[Na"OAq,  NSQ'A^J-CNii'OAq,  &0>t^ 
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ion  which  occurred  between  sodium  sulphate  and 
1  were  formation  of  sodium   nitrate  and  sulphuric 

ight  conclude  that  ^^  (=  -84}  parts  of  the  sulphate 

4150 

changed. 

0   know   that   the  sulphuric  acid  produced   in  the 

otild    react   with   the   unchanged   sodium    sulphate 

ipcarancc  of  heat ;  this  must  be  taken  into  account 

:ulation. 

■e  the  tiumber  of  equivalents  of  sodium  sulphate  which 

decomposed  by  the  nitric  acid,  then  f  will  also  be  the 

f  equivalents  of  sodium  nitrate  formed,  and  a]so  the 

■  equivalents  of  sulphuric  acid  formed,  and  i  -f  will 
iber  of  equivalents  of  sodium  sulphate  remaining;  the 
nal  change  will  therefore  consist  of  three  parts;— 

L-comiiit-iti..n  uf  |  N;l.SO, -- ^  31,380, 

■  mi.Uinn  ,.!-^  N.v\/),         = -!  ^Z^.^io. 
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value  of  f  is  found  to  be  Sj ;  hence,  as 

£^/   f  Y 


it  follows  that  -,  =4;  i.e.  the  ratio  of  the  velocitj'- constants  of 
the  direct  and  reverse  changes  is  4. 

By  substituting  these  values  for  ,  and  f  in  the  equation  of 
equiHbrium  given  in  par,  181,  viz. 

(/-f)  (?-f)  <■  =  (/  +  ?)  C?'+f)^'. 

equations  are  obtained  which  can  be  applied  to  find  the 
thermal  values  of  the  change  occurring  between  different 
quantities  of  nitric  acid  and  sodium  sulphate  in  presence 
of  varying  masses  of  sulphuric  acid  or  sodium  nitrate.  Thus, 
to  take  one  case,  let  p,  q,  p',  and  (f  represent  the  masses 
in  equivalents)  of  nitric  acid,  sodium  sulphate,  sulphuric 
.icid,  and  sodium  nitrate,  respectively;  let  q=i,p'  =  ^  =  0, 
and  let  /  be  variable  ;  we  have 

4(/>-f)(l-e  =  r.an<lf  =  l(I+/-V(l+/>)'-tf). 

Thomsen  measured  the  thermal  change  when  p  varied ; 
tlie  following  table  presents  the  observed  and  calculated 
values: — 

Gram-units  0/  hmt  disappeared. 


The  differences  are  within  the  limits  of  the  experimental 

Other  series  of  experiments  were  conducted,  (l)  in  which 
■  2,  y=i,  ^  =  0,  and  ff  varied  from  0  to  3;  (2)  in  vjtvvOn, 
fg'  =  \^P  =  o,  and  /  varied  from  J  to  I  ■,  and  (^'i^  m  "«\v\Ocv 
fcj7=cv/=/,  and  /'  varied  from    l   to  2  ■,  in  a\\  \.\vc?«  c-*.- 


« 

Cakiilaleef. 

Oiserved. 

■131 

y20 

900 

■232 

1660 

162a 

■423 

2660 

2580 

■667 

3550 

3500 

■849 

3950 

4050 

■903 

4040 

4100 
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periments  the  observed  values  agreed  well  with  the  calculated 
values. 

Thomsen  also  conducted  exi>eriments  with  sodium  sulphate 
and  hydrochloric  acid ;  here  also  it  was  found  that  |  of  tbe 
sodium  sulphate  was  decomposed,  and  therefore  in  this  reaction 

also  -7  =  4.     The  proportions  of  the  reacting  bodies  were  then 

varied  and  numbers  were  obtained  which  agreed  well  with 
those  calculated  by  the  use  of  the  equation  of  equilibrium. 

Thomsen's  thermochemical  investigation  of  the  partition 
of  a  base  between  two  acids  fully  confirms  the  accuracy  of  the 
equation 

(/-f)(?-»^=(/+f)(?'+f)^. 

184  Ostwald's  experiments  are  based  on  measurements  of  the 
specific  gravities  of  solutions  of  equivalent  quantities  of  adds 
and  bases  and  of  the  salts  obtained  by  the  reactions  of  these 
acids  and  bases,  and  also  of  the  liquids  formed  when  two  of 
the  acids  are  mixed  with  an  equivalent  quantity  of  one  of 
the  bases.  The  following  example  illustrates  Ostwald's 
method : — 

(i)     Sp.  gr.  of  solution  of  caustic  soda  (approx.  normal)  [i  vol] 
(ii)     Sp.  gr.  of  an  equivalent  solution  of  sulphuric  acid  [i  vol] 
(iii)    Sp.  gr.  of  solution  of  sodium  sulphate  [2  vols.] 

(i)     104051 ix)405i 

(ii)     1*02970  Nitric  acid  [ I  vol.]    1*03083 

Sum    2*07021  Sum   2*07134 

(iii)    2*05918        Sodium  nitrate  [2  vols.]    2*05266 

Diff. -0*01 103  Diff. -001868 

The  increase  in  spec.  grav.  accompanying  the  neutralisation 
of  soda  by  nitric  acid  is  greater  by  "00765  than  the  increase 
which  accompanies  the  neutralisation  by  sulphuric  acid. 

Now  if  sodium  sulphate  and  nitric  acid  do  not  react  when 
mixed,  the  spec,  gravity  of  the  mixed  solution  would  be 

Sodium  sulphate  [2  vols.]    2X>59i8 
Nitric  acid  [i  vol.]    1*03083 

Sum    3*09001 
But  the  observed  spec  grav.  was  [3  vols.]    3*08343 

Difil- 0100658 


^B       If  the  nitric  acid  and  sodium  sulphate  had  been  completely 

Fcfaanged  to  sodium  nitrate  and  sulphuric  acid,  the  change  in 

spec,  gravity  would  have  been  —  "00765  ;  thus 
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Sodium  r 

itrate  [2  vob.]    205166 

Sulphur 

cacid[i  vol.]     103970 

Sum    308235 

ols.]+mtr 

c  acid  [1  vol.]    3-09001 

Diff.- 0-00765 

odium 

ulphate  and  nitric  acid  react 

Therefore   when   sodiu 
in  equivalent  quantities  the  greater  part,  but  not  the  whole, 
of  the  soda  goes  into  combination  with  the  nitric  acid. 

Before  the  exact  distribution  of  the  soda  between  the  two 
acids  can  be  determined,  it  is  necessary  to  measure  the  changes 
in  spec,  gravity  which  may  accompany  secondary  reactions. 
Ostwald's  measurements  shewed  that  the  observed  spec. 
gravity  agreed  with  the  calculated,  within  the  limits  of  ex- 
perimental error,  (i)  when  solutions  of  nitric  and  sulphuric 
acids  were  mixed,  {2)  when  .sodium  nitrate  was  mixed  with 
sodium  sulphate,  (3)  when  sodium  nitrate  was  mixed  with 
nitric  acid.  But  when  sodium  sulphate  was  mixed  with 
sulphuric  acid  the  obscr\ed  spec,  gravity  was  greater  than 
tliat  calculated  on  the  assumption  that  no  chemical  change 
occurred ;  the  increase  in  spec,  gravity  was  found  to  agree 
very  closely  with  that  calculated  by  the  interpolation-for- 
mula j~^  00555. 

Ostwatd  then  applied  this  correction,  and  arrived  at  the 

result  that  when  sodium  nitrate  and  sulphuric  acid  interact  in 

equivalent  quantities  in    dilute   aqueous  solution,  two-thirds 

«">f  the  soda  remains  combined  with  the  nitric  acid,  and  one- 

tJiird  enters  into  combination  with  the  sulphuric  acid.     This 

■._sull  is  identical  with  that  obtained  by  Thomsen.     A  similar 

-lamination   of  the  reaction  between  sodium  chloride  and 

liphuric  acid  gave  a  result  the  same  as  that  which  Thomsen 

'  jtaincd. 

Hence  Ostwald's  volumetrical  investigation  of  the  partition 
^^   a  base  between  two  acids  fully  confirm  the  accura 
^kuation  {/>-^(^-^c  =  ifi'  +  ^t{<^  +  ^)€'. 
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Hofif',  in  1877.  used  the  results  of  the  experiments 
ot  and  P.  de  Saint  Gilles  on  the  etherification  of 
n  order  to  test  the  accuracy  of  the   equation  of 

m  which  he  had  deduced  independently  of  Guldberg 
c.     The  experiments  shewed  that  equilibrium  was 

d  in  a  mixture  of  equivalent  quantities  of  alcohol 
acid  when  two-thirds  of  the  alcohol  and  the  acid 

sfornied  into  ethereal  salt  and  water;  therefore  here 

;  and  the  equation  for  calculating  f  when  /  varies  is 

-?)(>-?)  =  r.andf  =  5(t+/-s//^/+l). 
active  mass  of  alcohol,  g=  active  mass  of  acetic aa4 

mass   of  ethereal   salt,  7'  =  active   mass  of  water; 
tlitions  being  g  =  1  and  p'  =  q'  =  0. 
llnwing  tabic  gives  sonic  nf  tin?  results  :■— 

LlL^  185.186]  VARIOUS  CASES.  3/5 

may  be  applied  to  heterogeneous  systems.  For  dealing  with 
systems  composed  of  solids  and  liquids  or  gases,  we  must 
distitigut.sh  cases  in  which  one,  two,  or  three,  of  the  inter- 
acting bodies  are  solids '. 

When  one  of  the  four   bodies   is   a   solid,  the  equation 
I,    becomes 

^^■erc  A  3>  active  mass  of  the  solid. 

^H|  If  the  initial  conditions  are  such  that/  =  ^=  1  and/'  =  o, 

^^K  have  the  equation 

by  means  of  which  the  ratio  of  the  reaction-velocities  can  be 
calculated  from  observations  of  A,  or  /i  can  be  calculated  if 

-  is  known. 
c 

The  simplest  case  is  that  in  which  one  body  reacts  with 

I:  solid,  the  other  two  bodies  being  absent  at  the  beginning 
the  reaction  ;  we  have/  =  ^  =  o,  and 


This  last  case  is  considered  by  Ostwald  {/oc.  cit.)  in  detail, 
reacting  bodies  being  hydrochloric  acid  and  solid  calcium 

This 


reaction  therefore  shews  divergences  from  the  results  which 
ought  to  follow  if  the  law  of  mass-action  held  good.  But  it  is 
possible  to  reconcile  the  results  to  some  extent  with  deductions 
from  this  law ;  at  any  rate  the  experiments  of  Ostwald  do 
not  require  us  to  reject  the  law  of  mass-action,  but  they 
rather  open  a  path  which  will  probably  lead  to  fresh  dis- 
reries    concerning    chemical   equilibrium.     (See    Ostwald, 

t.) 
'  When  two  of  the  interacting  bodies  in  a  system  of  four 
>  are  solids,  the  other  two  being  liquids  or  gases,  the 
!  masses  of  the  solids  may  be  put  as  k  and  if,  tt- 
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spectively,  and  the  equation  of  equilibrium  then  assumet  the 
following  form ; — 

(/-f)A^  =  (/  +  {)///, 

and  therefore  —j-  =  \ — 1  =  constant; 

ch     p  +i 

or  in  words,  equilibrium  is  attained  when  the  active  masses  of 
the  two  liquid  or  gaseous  constituents  of  the  system  are  in  a 
fixed  ratio  which  is  independent  of  the  absolute  or  relative 
masses  of  the  two  solid  constituents. 

In  1871,  Deville  conducted  a  series  of  experiments  on  the 
reaction  between  iron,  iron  oxide,  water-gas,  and  hydrt^en'. 
In  these  experiments  water  was  heated  in  a  retort  connected 
with  a  tube  containing  iron,  the  other  end  of  the  tube  being 
in  connexion  with  a  mercury-pump  and  a  manometer.  A 
vacuum  having  been  obtained,  the  contents  of  the  retort,  as 
also  those  of  the  tube,  were  raised  to  a  constant  temperature, 
and  the  pressure  was  measured  by  the  manometer;  the 
pressure  was  composed  of  the  partial  pressures  of  the  water- 
gas  and  the  hydrogen  formed  by  the  reaction  between  the 
iron  and  the  steam.  As  the  reaction  consisted  of  a  direct 
change  of  steam  +  iron  to  hydrogen  +  iron  oxide,  and  n 
reverse  change  of  hydrogen  +  iron  oxide  to  steam  +  iron, 
equilibrium  ought  to  have  been  attained  when  the  active 
masses  of  the  steam  and  hydrogen  bore  a  constant  ratio 
to  each  other  at  a  specified  temperature.  As  tlie  active  mas* 
of  a  gaseous  constituent  of  a  system  is  conditioned  by  the 
pressure,  it  follows  that  if  />,  =  the  partial  pressure  of  tlie 
hydrogen  and  /,  =  the  partial  pressure  of  the  water-gas,  the 

ratio  ^  ought  to  have  been  constant  at  each   temperature. 

The  temperature  of  the  water  in  the  retort  was  kept  at  o'  in 
one  series  of  experiments,  and  at  10"  in  the  other  series;  the 
temperature  of  the  tube  varied  from  200'  to  1600",  Small 
errors  might  readily  be  made  in  the  measurements  of  0 
pressures,  especially  at  the  higher  temperatures,  and  at  llic 
temperatures  small  errors  would  considerably  affect  lii 
I  Compl.  rfOif.  70,  ]  loj  ;  71.  30. 


The  following  table  shews  that  Deville's  results 


confirm  the  equation  of  equilibrium. 


I 


/ 

A 

A 

A 

oo' 

■46 

9'S9 

■048 

65 

•46 

6-41 

■072 

60 

•46 

4-04 

■114 

(40 

•46 

3-SS 

■'78 

60 

■46 

1-28 

■36 

MO 

•46 

■92 

•50 

Soo 

•46 

■s' 

■90 

■66 


r63 


The  experiments  of  Guldberg  and  VVaage  on  the  reaction 
between  a  solution  of  potassium  carbonate  and  solid  barium 
sulphate  (referred  to  in  par,  170)  present  the  conditions  of 
equilibrium  of  a  system  composed  of  two  solid  and  two  liquid 
constituents.  Expressing  the  active  masses  of  the  soluble 
bodies,  potassium  carbonate  and  sulphate,  by  p  and  />',  the 

equation  of  equilibrium  asserts  that  the  ratio  ^7 — ~    should 

remain  constant  independently  of  the  masses  of  tlie  barium 
carbonate  and  sulphate.  The  following  numbers  exhibit  the 
values  actually  obtained  for  this  ratio; — 


300 


i 

39-5 

P'+k 
4-06 

7' '9 

4-0 

3-87 

30'c. 

4-0 

40-8 

394 

■5 


3  95 


There  are  as  yet  but  few  data  by  which  may  be  tested 
the  correctness  of  the  deduction  from  the  equation  of  equi- 
librium, that  when  three  of  the  four  bodies  constituting  a  re- 
acting system  are  solids,  the  equilibrium  must  be  conditioned 
by  the  active  mass  of  the  liquid  or  gaseous  constituent  and 
must  be  independent  of  the  masses  of  the  three  solid  bodies. 

Isambert'  has  examined  the  equilibrium  of  the  system 
obtained  by  heating  together  solid  ammonium  chloride  and 

'   C^mfl.reml.i.WL  1313. 
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lead  oxide;  his  results  shew  that  when  equilibrium  isd 
attained  for  a  specified  temperature,  the  pressure  of  the  I 
ammonia  gas  produced  in  the  reaction  is  constant  and  is  ' 
independent  of  the  masses  of  the  solid  ammonium  chloride, 
lead  oxide,  and  lead  chloride  (or  oxychloride). 
7  We  have  now  passed  in  review  a  large  amount  of  varied 
experimental  evidence  which  establishes  on  a  finn  basis  the: 
law  of  mass-action,  and  the  principle  of  the  co-existence  of 
reactions.  These  two  generalisations  assert  that  the  amount 
of  change  undergone  by  a  chemically  reacting  system  is  pro- 
portional to  the  product  of  the  active  masses  of  the  constituents 
of  the  system  and  the  coefficient  of  affinity  of  the  change,  and 
that  when  several  changes  take  place  simultaneously  the  total 
change  is  equal  to  the  sum  of  the  particular  changes.  We 
have  found  that  in  place  of  the  phrase  coefficietif  of  a^tty 
wc  may  use  the  expression  reaction-velocity ;  but  we  have  not 
attempted  as  yet  to  analyse  the  conception  underlying  these 
expressions. 

The  law  of  mass-action  and  its  applications  to  diflctaiE 
cases  of  chemical  change  have  been  treated  so  far  in  a  purely 
empirical  manner.  The  law  was  gained  by  determining  itu 
distribution  of  the  reacting  bodies  in  certain  systems  wbidi 
had  attained  equilibrium,  and  it  was  applied  to  determine  thi 
conditions  of  equilibrium  in  other  systems  and  the  velocitia 
of  the  reactions  whicli  occurred  before  equilibrium  was  at 
tained. 

Besides  the  particular  methods  considered  in  the  precediq 
paragraphs  of  this  chapter,  there  are  two  general  methods  whid 
may  be  used  in  attempts  to  solve  the  problems  of  chemid 
dynamics ;  one  of  these  is  thermodynamical,  and  the  other  i 
molecular. 
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Section   III.     Thermodyimmkal  metfwds  applied 
to  chemical  equilibrium '. 

88  Horstniaiin'.  in  1873,  propounded  a  thermodynamical 
theory  of  dissociation  which  is  aiso  generally  applicable 
to  other  cases  of  chemical  equilibrium,  inasmuch  as  the 
processes  which  occur  in  a  system  before  it  attains  chemical 
equilibrium  are  generally  reversible  processes.  Horstmann's 
method  consisted  in  applying  the  second  law  of  thermo- 
dynamics to  the  phenomena  of  dissociation ;  he  concluded 
that  these  processes,  like  all  other  reversible  processes,  tend 
to  bring  the  system  to  that  condition  wherein  the  entropy  of 
the  system  has  attained  its  maximum  value  under  the  given 
conditions.  To  determine  the  conditions  under  which  the 
entropy  of  a  specified  system  undergoing  a  reversible  change 
becomes  a  maximum  is  therefore  to  determine  the  conditions 
of  equilibrium  of  that  .system. 

Let   0  =  quantity  of  heat  added  to  a  body  at  constant 

temperature   T,  then  -~=gain  of  entropy  to  the  body;   let 

(2,  =  quantity  of  heat  lost  by  a  body  at  constant  temperature 

7",,  then  ^  =  loss   of  entropy  to   the   body.     All   chemical 

and  physical  changes  occurring  spontaneously  are  accom- 
panied by  an  increase  in  the  entropy  of  the  system.  This 
statement  holds  good  for  non-reversible  changes;  but  as 
no  actually  occurring  change  is  completely  reversible  the 
statement  holds  for  all  changes. 

Suppose  that  one  of  two  bodies  is  hotter  than   another 
and  loses  heat  to  the  colder ;  the  hotter  body  at  temperature 

7",  loses  heat  Q,  therefore  its  entropy  is  decreased  by  -iji ;  the 

colder   body  at  temperature  7",  gains  heat   Q,  therefore  its 

'  In  this  jtclioD  I  have  ngnin  followed  Oslwflid;  bul  ihe  meihods  discussed 
:-.  ihii  fcciion  are  so  largely  physLeo-malhemiitica]  that  I  hore  aiiemptwl  only  the 
.rictcM  ooUtae,  rctcmne  the  stuilenl  W  Osntald's  Uhrtuci,  i.  701—718,  and  lo 
ibc  origiiul  memoLn. 
*  jtilmiim.  110.  191. 
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entropy  is  increased  by  -—  ;   but  as  7",  >  7",.  it  follows  that 

^  <  M  ;  in  other  words  the  entropy  of  the  system  is  in- 
creased by  the  passage  of  heat  from  the  hotter  to  the  colder  ' 
body. 

Changes  of  state  involving  changes  of  pressure  and  volume 
are  also  accompanied  by  changes  of  entropy;  if  the  tempera- 
ture is  constant  the  entropy-change  is  easily  found  ;  if  volume 
and  temperature  change  simultaneously  with  pressure  the  total 
change  may  be  regarded  as  partly  adiabatic  until  the  final 
temperature  is  reached,  and  then  isothermal  until  the  system 
attains  equilibrium  ;  the  latter  part  of  the  change  is  alone 
accompanied  by  a  change  of  entropy.  As  it  is  possible  » 
pass  from  any  given  state  of  a  system  to  any  other  by  a 
path  which  is  partly  adiabatic  and  partly  isothermal, 
possible  to  lay  down  the  principles  on  which  the  entropy- 
change  accompanying  any  material  change  may  be  de- 
termined. 
9  The  application  of  thermodynamical  methods  to  the  stud] 
of  chemical  equilibrium  has  been  much  developed  by  WilUnj 
Gibbs '. 

Gibbs  shews  that  the  criterion  of  the  equilibrium  of 
system  is  contained  in  the  following  statement ; — 

For  the  equilibrium  of  any  isolated  system  it 
necessary  and  sufficient  that  in  all  possible  variatioii 
of  the  state  of  the  system  which  do  not  alter  its  entnipyi 
the  variation  of  its  energy  shall  either  vanish  or 
positive ;  or,  in  other  words,  in  all  possible 
of  the  state  of  the  system  which  do  not  alter  its  enetg 
tlie  variation  of  its  entropy  shall  either  vanish  or 
negative. 

As  the  masses  of  the  constituents  of  a  system  undciHDJq 
chemical  change  do  not  remain  constant,  an  equation  which: 
to  express  the  conditions  of  equilibrium  of  such  a  system  inu! 
take  into  account  tlie  changes  of  energy  produced  by  chanp 
'  Amtr.  Journ.  of  Sd.  and  ArU.  (3).  IS.  441 ;  U,  377.  s*t  «lw  Q) 
MrtKwtU,  Si'Ulb  A'cmingltu  Sdauc  Con/trc«.ti  (1876]. 
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in  the  masses  of  the  constituents.  This  is  done  by  Gibbs  by 
introducing  into  his  equations  a  term  which  represents  the 
potential  of  each  constituent  If  an  infinitesimal  mass  of  a 
body  is  introduced  into  a  homogeneous  system  without 
disturbance  of  the  homogeneity  and  without  change  in  the 
entropy  and  volume  of  the  system,  then  the  increase  in  the 
energy  of  the  system  divided  by  the  infinitesimal  mass  of  the 
substance  added  is  the  potential  of  that  substance  in  the 
stem. 
The  enei^  of  the  entire  system  is  a  function  of  the 
Eitropy  and  the  volume  of  the  system,  and  the  masses  of 
\  constituents ;  if  the  energy  is  known  in  terms  of  these 
iariables,  then  the  absolute  temperature  and  the  pressure  of 
be  system,  and  the  potentials  of  its  constituents,  can  be 
^culated  in  terms  of  the  same  variables.  In  this  way  all 
E  independent  relations  between  the  seven  variables,  enei^, 
intropy,  volume,  masses  of  constituents,  temperature,  pressure, 
and  potentials  of  constituents,  can  be  found ;  and  on  these 
relations  depend  most  of  the  properties  of  the  system,  in- 
cluding its  chemical  properties.  A  single  equation  from 
which  all  these  relations  are  deducible  is  called  by  Gibbs 
a  fundamental  equation. 

Gibbs  shews  how  such  fundamental  equations  are  found. 
He  then  applies  these  equations  to  ideal  gases,  and  then  to 
ideal  gas-mixtures,  i.e.  mixtures  of  ideal  gases  which  obey 
the  law  of  Dalton',  and  so  he  deduces  the  conditions  of 
equilibrium  of  such  mixtures  of  gases.  Assuming  that  the 
laws  of  ideal  gas-mixtures  apply  to  cases  in  which  chemical 
change  occurs  in  the  mixtures  themselves,  at  certain  tem- 
peratures, resulting  in  the  formation  of  one  kind  of  com- 
ponents from  another  kind,  Gibbs  deduces  a  formula  for  find- 
ing the  specific  gravity  of  a  gas-mixture  from  its  temperature 
and  pressure'-  He  applies  this  formula  to  the  gas-mixtures 
I      obtained   by  heating   nitrt^en   peroxide  (N,OJ,  phosphorus 

^^k   '  For  convenience'  sake,  Gibbs  slates  thii  law  in  iheie  tcrais;— "The  pressure 
^^Ba  mlxhueoT  different  gases  is  cquil  to  the  sum  of  the  ptcraurcsoE  the  iMITcrenL 
^^Bki  u  exiitioE  each  liy  iuelf  at  the  same  temperaliue  and  with  the  same  value 
^^B  llitiounlUt." 
^^H    '  ireef^if,  par.  loj. 
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pentachloride,  formic  acid,  and  acetic  acid,  and  finds  tliat 
the  calculated  results  agree  on  the  whole  very  well  with  the 
observed  values  for  the  specific  gravities  of  these  gases.  Hence 
it  is  probable  that  the  fundamental  equations  obtained  by 
purely  thermodynamical  reasoning  are  applicable  to  all  cases 
of  gaseous  dissociation.  But  dissociation-processes  are  in- 
stances of  chemical  equilibrium ;  hence  it  is  to  be  expected 
that  each  of  the  classes  into  which  the  problems  of  chemical 
equilibrium  may  be  divided  has  its  appropriate  fundamental 
equation  by  the  use  of  which  a  full  thermodynamical  expla- 
nation can  be  given  of  this  class  of  cases  of  equilibrium. 
100  One  of  the  forms  in  which  the  criterion  of  stabili^  is 
stated  by  Gibbs  involves  the  use  of  a  certain  functioD,  ^, 
which  is  defined  by  the  equation 

where  e  =  energy  of  the  system,  ij  =  entropy  of  the  syslero, 
and  /  =  absolute  temperature;  then  equilibrium  results  when 
in  all  possible  variations  of  the  state  of  tlie  system  which  do 
not  alter  its  temperature,  the  variation  of  ^  either  vantshe 
or  is  positive. 

This  form  of  stating  tlie  criterion  of  stability  is  in  many 
cases  more  convenient  than  that  given  in  par.  189  for  deducing 
the  conditions  of  equilibrium  of  any  system.  The  meanii^ 
of  the  function  yjr  has  been  developed  by  von  Hcltnholtz '  on 
lines  different  from  those  adopted  by  Gibbs,  Helmhoitt 
divides  the  internal  energy  of  a  system  into  two  parts; 
free  energy  which  can  be  completely  changed  into  other  forms 
of  energy,  and  the  bound  etiergy  which  is  that  portion  of  tl 
total  energy  required  for  establishing  tlie  state  of  the  systeto 
conditioned  by  the  entropy  of  the  system ;  as  everj'  stable  stal 
corresponds  to  a  maximum  entropy,  the  bound  energy  caont 
be  changed  to  other  forms  witliin  the  system,  nor  wil 
external  action  on  the  system,  The  bound  cnerg>' 
measured  by  the  difference  between  the  total  and  the  &d 
energy.  Helmholtz's  free  ener^  Is  identical  with  Gihl 
function  •^. 

'  '  Die  ThCTinodjnanuJt  C\v«Biaiiti  Vui^ii^,'  Sittttr.   tUr  IViu.  ^W 
Bertiu,  1S81,  also  HcVraluiWi's  IVisKiutM'l"'**  ■A^'Kanitun  j,„,-^,  ^^ 
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AH  the  properties  of  a  system  may  be  represented  in 
equations  as  functions  of  the  free  enei^y  of  the  system. 
Such  equations  have  been  deduced  for  some  of  the  chemical 
properties  of  a  system  in  equilibrium,  e.g.  for  dissociation- 
processes  of  different  orders  of  complexity,  and  for  reciprocal 
actions  when  some  members  of  the  system  are  gases  and  some 
solids.  These  equations  lead  to  results  identical  with  those 
already  obtained  by  the  use  of  the  empirical  method  of 
Guldberg  and  Waage'. 

The  transformability  of  the  chemical  energy  of  a  system 
into  other  forms  of  energy  is  measured  by  the  free  energy, 
and  not  by  the  total  energy,  of  the  system.  For  instance, 
the  energy  obtained  from  a  chemical  reaction  in  the  form  of 
heat  does  not  measure  the  electrical  energy  obtainable  from 
the  same  system  ;  for  the  latter  is  obtained  by  the  transforma- 
tion of  the  free  energy  only  and  not  of  the  total  enei^.  So 
also  in  a  chemical  change,  the  direction  of  the  change  is 
determined  by  the  free  energy  of  the  changing  system,  and 
this  is  not  measured  by  finding  the  quantity  of  the  heat 
produced  in  the  change, 
91  One  of  the  consequences  of  the  general  criterion  of  stability 
deduced  from  the  second  law  of  thermodynamics  is,  that 
Berthelot's  so-called  '  law  of  maximum  work '  is  inaccurate. 

Berthelot's  law  asserts  that  "every  chemical  change  accom- 
plished without  the  addition  of  energy  from  without  tends  to  the 
formation  of  that  body  or  system  of  bodies  the  production  of 
which  is  accompanied  by  the  development  of  the  maximum 
quantity  of  heat." 

Now  a  system  is  in  equilibrium  when  its  entropy  has 
attained  the  maximum  value  possible  under  the  conditions. 
But  inasmuch  as  entropy  is  measured  by  a  quantity  of  heat 
divided  by  a  temperature,  it  is  only  at  the  absolute  zero 
of  temperature  that  tiS  =  dQ  (i"  =  entropy,  2  =  quantity  of 
heat);   hence  it  is  only  at   the  absolute  zero  that  thermal 

'  See  Osiwalii,  ir.*n*H<-^,  3.  yifi— ;!+;  slsa  P.  Duliem,  •  Lt  poimtUl  ikerme- 
t/jmanofii^'  [fuis,  18S6— 7). 
^^m  ■  Sec  anil,  Book  1.,  par.  ijj  for  a  discus=ign  ol  Oic  t'""^'-^''^  a^>^\vi»SvoTO 
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changes  directly  measure  changes  of  entropy.  When 
chemical  change  is  accompanied  by  the  production  of  much 
heat,  and  ihu, change  occurs  at  a  low  temperature,  the  thermal 
change  will  roughly  measure  the  entropy-change;  therefore 
if  such  a  change  be  possible  it  will  occur.  But  if  the  quantity 
of  heat  produced  in  a  chemical  process  is  small,  the  entropy- 
change  which  the  system  undergoes  may  be  lai^ciy  con- 
ditioned by  changes  other  than  the  thermal  change.  Indeed 
in  some  cases  heat  may  be  lost  to  the  system,  and  yet  the 
total  cliange  in  the  entropy  may  be  positive ;  in  such  cases 
chemical  change  will  occur  with  the  disappearance  of  heat, 
because  the  decrease  in  the  entropy  of  the  system  caused  by 
the  loss  of  heat  will  be  more  than  balanced  by  the  increase 
in  the  entropy  caused  by  the  changes  of  state  which  the 
system  undergoes. 

Such  chemical  changes  are  analogous  to  the  physical  change 
of  water  in  vacuo  into  water-gas;  in  this  case  the  water  loses 
heat,  but  the  loss  of  entropy  thus  suffered  is  more  than 
balanced  by  the  gain  of  entropy  accompanying  the  change 
from  liquid  to  gaseous  water. 

So  far  as  the  law  of  entropy  has  been  applied  to  chemical 
processes,  it  has  led  to  the  same  conclusions  reg.irding  the 
equilibrium  of  chemical  systems  as  have  been  gained  by  the 
application  of  the  law  of  mass-action.  The  general  con- 
ception of  chemical  change  which  is  given  by  both  method* 
of  investigation  is  that  of  a  system  attaining  equilibrium  M 
the  result  of  processes  occurring  in  opposite  directions.  A^ 
cording  to  van't  Hoff',  the  directions  of  chemical  proasKi 
which  result  in  equilibrium  vary  with  variations  of  tenpfn* 
ture  in  such  a  way  that  the  lower  the  temperature  the  molt 
is  equilibrium  established  with  the  production  of  heat,  butfl* 
change  can  occur  in  one  direction  only  at  the  absolute  ten, 
Berthelot's  ■  law  '  would  then  hold  good  for  the  limiting  ca" 
that  the  change  .should  occur  at  -273°.  As  the  temperatnr 
at  which  most  chemical  changes  occur  is  not  very  higll  wT 
many  changes  are  accompanied  by  production  of  heat 

Berthelot's  'law  of  maximum  work'  is  the  modern  fc* 
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assumed  by  the  old  Bergmannic  view  of  affinity.  Berthelot, 
like  Bcrgmann,  regards  chemical  affinity  as  acting  in  one 
direction  only.  But  the  outcome  of  all  recent  investigation 
is  to  negative  this  view,  and  to  confirm  the  conception  of 
a(linit>-  which  was  first  clearly  introduced  into  chemistry  by 
the  great  French  naturalist  BerthoUet. 


Section  IV.     MoUatlar  methods  applied  to 
(hemUal  equilibrium. 

►2         In  185 1  Williamson' suggested  that  the  amount  of  chemical 
change  vvhich  occurs  between  two  interacting  bodies  is  de- 
pendent on  the  velocities  of  the  atomic  interchanges  which 
take  place  between  the  molecules  of  the  bodies.     He  extended 
his  conception  to  molecules  all  of  the  same  kind,  and  con- 
dudcd  that  "in  an  aggregate  of  molecules  of  any  compound 
icre  is  an  exchange  continually  going  on  between  the  elements 
^ch  are  contained  in  it."     He  supposed,  for  instance,  that 
vessel  filled  with  hydrochloric  acid  the  molecules  HCI 
continually  exchanging   hydrogen  and  chlorine  atoms; 
t  then  a  solution  of  copper  sulphate  is  added  to  hydrochloric 
■id  "the  hydrogen  does  not  merely  move  from  one  atom  of 
:  to  another,  but  in  its  turn  also  replaces  one  atom 
copper,  forming  chloride  of  copper  and  sulphuric  acid." 
hen  one  product  of  a  chemical  change  is  insoluble   it  is 
Tioved,  and   so  almost  the  whole  of  one   of  the  original 
Libstances  is  decomposed ;  but  if  all  the  products  remain  in 
^^olution,  the  atomic  interchanges  proceed  in  both  directions 
^nd  equilibrium  is  thus  established. 

In  1857  Clausius'  developed  a  conception  similar  to 
X  \-k.sX  put  forward  by  Williamson,  and  applied  it  especially 
-  •-»  explain  the  phenomena  of  electrolysis.  He  supposed  that 
■  1  e  movements  of  the  molecules  of  a  liquid  result  in  the 
r-oduction  of  such  a  condition  of  some  of  the  molecules  as 
-'i^kcs  these  molecules  ready  to  exchange  their  constituent 
t*^«-ts.     As  increasing  temperature  is  equivalent  to  increasing 
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the  kinetic  energy  of  the  molecules,  increase  of  tempcnitui 
will  bring  about  further  separation  of  molecules  into  jiai 
and  will  therefore  increase  the  chances  of  the  exchange  i 
parts  of  molecules. 

Ciausius'  hypothesis  postulates  differences  in  the  condition 
of  the  molecules  forming  a  liquid  compound  at  aiiy  spccifia 
temperature,  and  asserts  that  some  of  the  molccuks 
be  more  ready  to  exchange  parts  than  others'. 

Pfaundler*,  in  1867  and  1874,  developed  the  hj'pothesisi 
Ciausius  and  Williamson  and  applied  it  to  many  chcmic 
reactions,  and  more  particularly  to  explain  the  phenomena  < 
dissociation', 

Pfaundler  considers  the  motion  of  agitation  of  the  molecule 
of  a  gas,  and  also  the  motion  of  parts  of  the  molecules; 
cording  to  the  kinetic  theory  of  gases,  the  suin  of  the  kincti 
energies  due  to  these  two  motions  is  constant  at  a  constail 
temperature,  and  the  sum  of  each  is  constant,  but  the  t« 
motions  may  be  very  differently  distributed  among  the  ind 
vidual  molecules.  The  results  of  collision  between 
molecules  will  depend  on  the  ratio  between  the  energ>'  < 
agitation,  and  the  energy  of  rotation  of  the  parts,  of  I 
molecules;  the  limiting  cases  are  when  both  energies  1 
at  a  maximum,  or  both  are  at  a  minimum,  or  either  is 
a  maximum  compared  with  the  other  at  a  minimum. 
193  Guldberg  and  Waagc',  in  1879,  brought  the  hypothesis  < 
chemical  action  being  due  to  differences  in  the  states  of  tl 
molecules  of  a  gas  or  liquid  into  a  form  in  which  it  couH 
be  quantitatively  applied.  Let  the  molecules  of  t»'0  substance 
which  react  chemically  with  one  another  be  represented  fr 
A  and  B\  let  these  molecules  be  composed  of  the  atofl 
(or  atomic  groups)  aa,  and  dd,  respectively,  performing  o 
vibrations  within  the  molecules  A  and  B.  At  certain  [ 
in  these  vibrations  the  atoms  aa  on  the  one  hand,  and  tl 

>  For  tome  account  of  the  npplicalioni  of  the  hjrpottucRs  oT  Clinin  < 
ffiif,  par.  104. 

'  /lay.  j^mi.  111.  iict  itg.  (especially,  pp,  66— ;i);  do.  JalMlbd-  iVi- 
•  Sec  Section  v.  of  the  present  Chapter. 
«  Journal fiir  fraU,  Chi'ttu\-ti--»,;\,. 
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atoms  hb  on  the  other  hand,  will  be  so  far  separated  from  one 
another  that  the  attraction  between  them  will  be  very  small; 
a  molecule  the  atoms  of  which  are  in  this  condition  will  be 
ready  to  undergo  chemical  change.  Suppose  that  a  molecule 
A  comes  near  to  a  molecule  B  at  the  moment  when  each  is 
ready  to  undergo  change,  chemical  action  will  occur  with  the 
production  of  two  new  molecules,  C,  each  composed  of  the 
atoms  ab.  If  the  number  of  molecules  of  ^  which  are  in  this 
condition  of  readiness  to  undergo  change  be  a,  the  total 
number  of  molecules  of  A  in  unit  volume  of  the  system 
being  p.  and  if  the  number  of  molecules  of  B  ready  to 
undergo  change  be  b,  the  total  number  of  molecules  of  B 
''•^'"S  ?■  then  the  frequency  of  collision  of  the  molecules 
which  are  ready  to  change  will  be  represented  by  the  product 
{a/>b(/),  and  the  velocity  of  formation  of  the  new  molecules,  C, 
will  be  represented  by  <^dpbq,  where  ^  is  a  velocity-coefficient 
which  depends  on  the  temperature  and  the  chemical  nature 
of  the  substances  A  and  B,  The  nature  of  this  dependence 
must  be  experimentally  determined.  An  expression,  similar 
to  that  given,  can  be  found  for  the  velocity  of  re-formation  of 
A  and  B;  and  hence  the  amounts  of  A,  B,  and  C,  which  are 
present  when  equilibrium  is  attained  can  be  calculated  for  any 

tial  state  of  the  system. 
The  equation  of  equilibrium  thus  found  is 
^apbq  =  ^a'Up'q'. 
\^ k  is  put  as  =if)ab  and  ^'as  =  i^Vi^',  the  equation  becomes 
kpq  =  i-p-'/- 
This   equation    is    essentially    the   same    as   that    which 
dbei^  and   Waage    arrived   at   by   the   use   of  methods 
ch  did  not  involve  any  theory  of  the  structure  of  matter. 
have  already  traced  the  development  and  applications 
his  equation  of  equilibrium'. 
J,  J.  Thomson'  has  given  a  general  conception  of  chemical 
ilibrium  in  terms  of  the  vortex-atom  theory  of  the  structure 
natter. 

*  jlHie,  pan.  171—186. 

*  Oh  lit  matiia  e/  vortex  riii^s.    The  Adorns  FiUi:  Essa-)  Wi   l%%i-    VS«» 
i.\m  nU.  SI^:  (i).  IB.  41;;  It.  jjj!  M.  J3J.) 
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A  compound  molecule  of  a  gas  is  regarded  by  tliis  theory 
as  consisting  of  two,  or  more,  vortex  rings.  This  united  vortex 
ring  will  separate  into  its  parts  when  subjected  to  a  disturbing 
influence,  such  as  the  action  due  to  other  vortex  rings  in  the 
neighbourhood.  The  theory  thus  leads  to  a  conception  of 
chemical  combination  closely  resembling  that  enunciated  by 
Williamson,  Clausius,  and  Pfaundler.  But  for  a  compound 
gas  to  be  more  than  a  mere  mixture  of  elementary  gases  it  is 
necessary  that  'the  mean  time  during  which  an  atom  is  paired 
with  another  of  a  different  kind,  which  we  shall  call  the  paired 
time,  should  be  large,  compared  with  the  time  during  which  it 
is  alone  and  free  from  other  atoms,  which  wc  shall  call  the 
free  time '  (/otT.  £■//.  p.  115). 

The  ratio  of  paired  to  free  time  will  be  diminished  by  any 
disturbance  to  which  the  gas  is  subjected ;  when  the  diminu- 
tion is  carried  past  a  certain  amount,  the  gas  is  dccomposoi. 

Now  "the   pairing  of  two  atoms is  attended  by  a  large 

increase  in  the  translatory  energy;'  but  as  these  atoms  are 
only  paired  for  a  time, "  the  whole  increase  in  the  translatory 

energy  of  a  large  number  of  molecules  will  depend on 

the  ratio  of  the  paired  to  the  free  times'  of  the  wrtex 
atoms  which  form  the  molecules  of  the  substance  (Six.  (it. 
p.  1 16).  The  value  of  this  ratio  in  the  case  of  an  elcmentaiy 
gas  will  to  a  great  extent  condition  the  chemical  properties  of 
that  gas  ;  it  will  also  determine  whether  chemical  combinatioa 
shall  or  shall  not  occur  between  two  gases,  and  if  it  occurs,  it 
will  fix  the  proportions  between  the  amounts  of  the  varioiu 
compounds  produced.  An  elementarj'  gas  will  readily 
into  chemical  combination,  only  when  the  ratio  of  free  t 
paired  time  is  larger  for  the  molecule  of  the  element,  than  fa 
that  of  the  compound  produced.  The  value  of  the  ratio  ii 
question  may  therefore  affoid  a  measure  of  the  relativ 
affinities  for  each  other  of  the  atoms  of  various  compound 
molecules. 

This  conception  of  chemical  change  is  applied  by  ThomM 
chiefly  to  processes  of  dissociation ;  the  results  obtained  vi 
be  briefly  considered  in  the  next  section. 
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Section  V.     Dissociation. 

95  Certain  changes  brought  about  by  heat  and  resulting  in 
ihc  formation  of  systems  in  equilibrium  are  classed  together 
under  the  common  term  dissociation. 

By  this  term  is  meant  a  change  from  one  chemical  system 
to  another  simpler  system  which  change  is  caused  by  heat 
and  is  reversible.  The  composition  of  the  constituents  of  the 
simpler  system  is  less  complex  than  that  of  the  bodies  which 
form  the  original  system.  At  least  one  member  of  the  simpler 
system  is  gaseousunder  the  conditions  of  the  experiment.  The 
resolution  of  the  compound  N,0,  into  2NO,,  or  of  CjH„Br 
into  C,H,o  and  HBr,  or  of  CaCO,  into  CO,  and  CaO,  and  the 
subsequent  re-formation  of  the  original  compound  on  cooling 
the  products  of  each  action,  arc  examples  of  dissociation. 

In  the  change  of  N,0,  into  2NO,,  both  the  original  body 
and  that  formed  by  heating  the  original  arc  gases;  hence  the 
change  in  question  must  be  accompanied  by  a  decrease  in  the 
spec.  grav.  of  the  gas,  If  it  has  been  proved  that  the  only 
change  which  occurs  when  N,0,  is  heated  is  the  gradual  dis- 
appearance of  the  NjO",  with  the  simultaneous  production  of 
3NO,.  then  the  amount  of  this  change  which  occurs  at  any 
specified  temperature  and  pressure  can  be  calculated  from 
observations  of  the  spec.  grav.  of  the  gas  at  that  temperature 
and  pressure. 

There  are  cases  where  a  gas  becomes  specifically  lighter 
as  temperature  increases,  without  our  being  able  to  demon- 
strate by  conclusive  experiments  that  the  decrease  in  spec. 
grav.  is  accompanied  by  dissociation  of  the  gas  into  simpler 
components.  For  instance,  the  spec.  grav.  of  the  gas  ob- 
tained by  heating  ammonium  chloride  is  considerably  less 
than  the  value  calculated  on  the  assumption  that  this  gas 
consists  of  the  compound  NH^CI ;  and  the  spec,  grav. 
decreases  as  temperature  rises,  until  at  about  350'  it  is  very 
ricarly  identical  with  that  calculated  for  a  mi.vture  of  equal 
volumes  of  NH,  and  HCl  (calcd.  =  '93;  observed  =  1  0).     \Vc 

tn  justified   in   considering  the  gas  obtained  by  heating 
^Cl  to  350°  to  be  a  mixture  of  equal  volume?,  n^  ^W, 
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and  HCl,  with  perhaps  a  little  unchanged  NH^Cl,  although 
there  is  no  absolutely  conclusive  experimental  demonstration 
that  this  is  so.  In  support  of  this  conclusion  may  be  men- 
tioned Pebal's*  proof  that  if  the  vapour  obtained  by  heating 
ammonium  chloride  is  diffused  through  a  porous  septum  the 
diffusate  contains  considerable  quantities  of  free  ammonia. 

Another  instance  of  this  kind  is  presented  by  acetic  acid 
vapour.  Ramsay  and  Young*  have  shewn  that  this  vapour 
becomes  specifically  heavier  by  increasing  pressure  at  any 
temperature  or  by  decreasing  temperature  at  any  pressure 
They  contrast  this  behaviour  with  that  of  the  vapour  of 
alcohol  and  ether,  which  are  almost  certainly  non-dissociable 
bodies;  the  spec,  gravities  of  these  vapours  increase  as  tempera- 
ture is  decreased,  at  a  fixed  pressure,  until  a  certain  value  is 
reached  after  which  decrease  of  temperature  docs  not  change 
the  spec,  gravities.  The  conclusion  to  be  drawn  from  these 
obser\ations  is  that  acetic  acid  vapour  at  low  temperatures 
is  probably  composed  for  the  most  part  of  molecules  which 
are  more  complex  and  heavier  than  those  which  chiefly 
compose  this  vapour  at  high  temperatures,  and  that  the 
former  are  dissociated  into  the  latter  as  temperature  rises. 

When  the  spec.  grav.  of  the  gas  obtained  by  heating  a 
definite  compound  decreases  as  temperature  increases,  and 
reverts  to  its  original  value  when  the  temperature  falls  to 
its  initial  value,  and  when  the  change  of  spec.  grav.  quanti- 
tatively corresponds  with  a  change  of  composition  which  can 
be  presented  in  a  definite  manner,  and  which  is  perfectly 
justifiable  on  other  grounds,  and  is  the  only  change  of 
composition  which  will  explain  the  observed  variations  of 
spec,  grav.,  we  are  justified  in  regarding  the  variations  of 
spec.  grav.  as  indications  and  measures  of  the  change  of 
composition.  For  if  we  do  not  thus  regard  these  variations 
of  spec,  grav.,  then  we  must  regard  the  gases  in  question 
as  having  abnormal  coefficients  of  expansion*,  and  coefficients 
so  abnormal  as  to  demand  a  complete  revision  of  our  con- 

'  AfinaUn,  196.  193. 

-  C.  .V.  Journal,  Tnu.  for  1886.  790;  PkiL  Afaj^,  (5).  13.  139. 
Ocvillc  and  Troost,  Com//,  rend,  64.  137 ;  81.  54 ;  Berthdot,  ih,  tl.  77.       / 


ceptions  regarding  the  relations  between  the  volumes  of  gases 
and  changes  of  temperature.  For  instance,  we  should  have 
to  admit  that  the  coefficients  of  expansion  of  such  gases  as 
ammonium  chloride,  phosphorus  pcntachloride,  &c.,  which 
fjases  are  generally  regarded  as  undergoing  dissociation  on 
heating,  increase  as  temperature  rises,  but  increase  rapidly 
until  a  maximum  is  reached  and  then  increase  slowly.  But 
there  ts  no  conclusive  proof  that  the  coefficients  of  expansion 
of  any  gases  change  in  this  way ;  and  moreover  it  has  been 
experimentally  shewn  that  the  coefficients  of  expansion  of 
the  following  elementary  and  compound  gases  are  practically 
unchanged  for  a  very  large  range  of  temperature;  hydrogen, 
oxygen,  nitrogen,  sulphur,  tellurium,  mercury,  carbon  di- 
oxide, hydrogen  chloride,  arsenious  oxide'. 
96  The  so-called  abnormal  vapour-densities  of  various  gases 
arc  at  once  explained  if  we  suppose  that  the  gases  in  question 
arc  dissociated  on  heating,  and  that  therefore  the  observed 
\  .ipour-den*ities  arc  the  spec,  gravities  of  mixtures  and  not  of 
-ingle  gases.  For  instance  the  composition  of  sulphuric  acid 
i-  undoubtedly  expressed  by  the  formula  H,SO, ;  if  this  com- 
pound were  gasified  the  spec.  grav.  of  the  gas  must  be  49 
times  that  of  hydrogen  (H^SO,  =  g8);  but  the  spec.  grav. 
of  the  gas  obtained  by  vaporising  sulphuric  acid  is  con- 
siderably less  than  49,  and  the  spec.  grav.  decreases  as 
temperature  rises  until  at  about  ifxi"  the  value  obtained  is 
24'5.  These  results  are  at  once  explained  by  supposing  that 
the  compound  H.SOj  is  dissociated  into  a  mixture  of  equal 
volumes  of  the  two  gaseous  compounds  SOj  and  H,0,  as  the 
■^pcc  grav.  of  such  a  mj.xture  would  be  245  times  that  of 
!  ydrogcn.  As  the  variations  in  the  spec.  grav.  of  the  vapour 
..l>taincd  by  heating  sulphuric  acid  as  temperature  increases 
iiid  decreases  are  exactly  similar  to  the  variations  observed 
in  the  spec,  gravities  of  gases  which  undoubtedly  undergo 
lissociation,  we  arc  justified  in  .saying  that  the  expression 
libnonnal  vaponr-demity  of  sulphuric  acid  should  not  be  used, 
because  the  vapour  is  not  sulphuric  acid  but  is  a  mixture  of 
two,  and  probably  three,  gases  in  variable  proportions.  The 
'  V.  Ueyer,  Btr.  IS.  loij;  mcil  nlso  linger  nnH  .McTcr,  Ht< .  18.  Eef  Ijj. 
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other  cases  of  so-called  abnormal  vapour  densities  cea 
be  abnormal  when  wc  are  prepared  to  admit  the  occurrence  o 
dissociation. 

197  The  amount  of  dissociation  which  any  body  undci^oc 
depends  upon  the  temperature,  and  also  on  the  pressure 
As  the  body  is  heated,  temperature  rises,  and  the  rate  t 
dissociation  increases  until  a  maximum  is  reached,  after  which 
the  rate  of  dissociation  decreases  until  the  change  is  completed; 
on  cooling  the  products  of  dissociation  in  contact  with  each 
other,  this  process  is  reversed.  If  pressure  and  temperature 
are  kept  constant,  the  system  composed  of  the  original  body 
and  the  products  of  dissociation  settles  down  into  equilibriut 
which  is  disturbed  either  by  changing  tlic  temperature  or  thi 
pressure,  although  in  some  cases  change  of  pressure  does  r 
affect  the  equilibrium  nearly  so  much  as  it  does  in  otbcf 
cases'. 

The  pressure  at  which  equilibrium  is  attained  for  M] 
specified  temperature  is  usuall)-  called  the  eyuilibfium-preaKr 
for  that  temperature'. 

198  Consider  the  effect  of  heat  on  a  quantity'  of  ammoaiua 
chloride  enclosed  in  a  vacuous  vessel  connected  «-ith  ■ 
air-pump  and  a  manometer.  As  the  .solid  is  heated,  vajioui 
is  produced,  and  this  vapour  consists  of  equal  volumes  o 
ammonia  and  hydrogen  chloride  possibly  mi.xcd  with  sm 
quantities  of  ammonium  chloride  gas.  This  change  proceed^ 
with  constant  rise  of  temperature,  and  increase  of  pressure  ill 
the  interior  of  the  vessel.  Now  let  the  temperature  be  kepi 
constant,  say  at  350°,  dissociation  proceeds  until  the  pressure 
of  the  gases  in  the  vessel  attains  a  certain  amount  when  I 

»  process  of  dissociation  stops,  and  equilibrium  is  established 
between  the  three  bodies,  ammonium  chloride,  ammonia,  ai 
hydrogen  chloride.  Now  let  temperature  be  raised  thnmgl 
a  definite  interval,  say  to  400';  dissociation  proceeds,  nwi 
ammonia  and  hydrogen  chloride  are  produced,  and  iptesaa 
increases  until  it  reaches  a  limit  whereat  the  system  agai 
attains  equilibrium.  Now  let  a  portion  of  the  gaso  h 
'  Stc  next  page. 
'  The  terms  <7in7ifcrnim-l(nsi9n,iuvi  iiiuion, oj  AiuMwuUm ■».<.  vJbii  stfd. 
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puinjKrI  out  of  the  vessel,  temperature  being  maintained  at 
400";  pressure  falls,  dissociation  begins  and  proceeds  until 
the  former  pressure  is  reached.  Now  let  temperature  be 
decreased,  say  to  350" ;  combination  of  ammonia  and 
hydrogen  chloride  begins  and  pressure  falls,  and  this  pro- 
ceeds until  a  new  state  of  equilibrium  is  attained. 

This  is  a  typical  and  simple  case  of  dissociation ;   one 
definite   body   is   resolved   into  two  others  and  these  again 
rccombine  to  form  the  original  body.     In  this  instance  the 
amount  of  dissociation  is  increased  either  by  increasing  the 
temperature  at  a  constant  pressure,  or  by  lowering  the  pressure 
a  constant  temperature. 
Now  consider  the  effect  of  heat  on  a  mixture  of  the  two 
fs  hydrogen  and  iodine'.     Let  a  mixture  of  equal  volumes 
these  gases  be  maintained  at  440".  and  let  the  pressure  be 
ipl  at  about  six  atmos. ;    combination  occurs  between  the 
with  production  of  hydrogen  iodide,  and  this  proceeds 
itil  (after   about  an   hour)  the   system    attains   a   state   of 
iibrium  whereat  24  per  cent,  of  the  hydrogen  originally 
isent    remains    uncombined    with    iodine.      Now   let    the 
:s5ure  be  decreased  to  2  atmos.,  then  to  I   atmo.,  and  then 
380  mni.p  temperature  remaining  at  440" ;  the  state  of  equi- 
iriiim  is  practically  unchanged,  the  amount  of  uncombined 
■drogcn  varj-ing  only  very  slightly  from  24  per  cent,  of  the 
lount  originally  present.     Now  let  the  temperature  be  de- 
based to  350",  the  pressure  remaining  constant,  a  new  state 
of  equilibrium  is  attained,  but  more  slowly  than  at  the  higher 
temperature,  and  this  is  practically  unchanged  if  the  pressure 
aricd  from  4  atmos.  to  760  mm. 

But  although  the  final  state  of  equilibrium  of  a  mi.vture  of 
|ual  volumes  of  hydrogen  and  iodine  at  350"  or  440°  is 
(most  independent  of  pressure,  yet  the  rate  at  which  that 
equilibrium  is  attained  at  these  temperatures  varies  almost 
directly  as  the  pressure. 

In  this  instance  we  have  probably  a  more  complex  oc- 
currence than  the  change  of  ammonium  chloride  into  ammonia 
and  hydrogen  chloride. 

JnH.CAim.  P*vs.U).ii.  i,«;  M.  iH/j  wpecialty  p|i.  J*t-tM 
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199  Now  consider  a  case  wherein  a  solid  is  dissociated  into 
another  solid  and  a  gas.  Let  calcium  carbonate  be  heated  in 
a  vacuous  vessel  connected  with  an  air-pump  and  a  manometer. 
The  change  which  occurs  may  be  represented  thus 

CaCO,7:rK:aO  +;rCO,+  i  -KTaCO,. 

Let  the  temperature  be  kept  constant ;  carbon  dioxide 
accumulates  until  the  pressure  becomes  constant,  and  the 
system  remains  in  equilibrium.  At  860^  the  equilibrium- 
pressure  is  81  mm.  and  at  1000°  it  is  520  mm.  Now  let 
pressure  be  diminished  by  removing  some  of  the  carbon 
dioxide ;  the  direct  change  proceeds  until  the  former  pressure 
is  restored  when  the  equilibrium  again  results.  If  the  tempe- 
rature is  now  decreased,  carbon  dioxide  is  absorbed,  the  reverse 
change  occurs,  and  the  pressure  falls  until  a  fresh  equilibrium 
is  attained.  The  whole  process  follows  the  same  course  as 
that  observed  in  such  a  case  as  ammonium  chloride.  Equi- 
librium is  conditioned  by  temperature  and  pressure  and  is 
independent  of  the  masses  of  the  solid  members  of  the 
system,  viz.  lime  and  calcium  carbonate. 

200  Let  us  now  consider  a  case  wherein  a  solid  and  a  gas 
react  to  produce  more  than  one  compound  which  compounds 
are  dissociated  by  heat  into  their  solid  and  gaseous  con- 
stituents. Silver  chloride  and  ammonia  combine  to  form 
two  compounds,  2AgC1.3NH,  and  AgC1.3NH,.  If  silver 
chloride  is  brought  into  contact  with  ammonia  in  an  apparatus 
wherein  temperature  and  pressure  can  be  regulated,  the  system 
which  is  formed  may  be  composed  of  the  gas  NH,  and  any 
or  all  of  the  three  solids  AgCl,  2AgC1.3NH„  and  AgCl.sNH,. 
If  temperature  is  kept  constant  at  about  15°,  ammonia  is 
absorbed  with  decrease  of  pressure  and  the  compound 
2AgCl.  3NH,  is  produced  ;  if  sufficient  ammonia  is  supplied 
the  system  attains  equilibrium  at  a  constant  pressure,  and  the 
only  components  of  this  system  are  2AgC1.3NH,  and  am- 
monia. By  raising  temperature  equilibrium  is  upset,  and 
pressure  increases  because  of  the  production  of  more  ammonia; 
but  at  a  definite  temperature  equilibrium  is  again  attained; 

his  equilibrium   is   independent  of  the  ratio  between  the 
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masses  of  the  two  solid  members  of  the  system,  viz.  AgCl 
and  zAgCl .  ^NHj,  and  is  conditioned  only  by  the  temperature 
«nd  the  pressure. 

Suppose  equilibrium  has  been  attained  at  say  20°,  and 
tat  the  system  consists  of  2AgCI .  3NH,  and  ammonia ;  let 
jnmonia  be  pumped  into  the  vessel  so  that  the  pressure  is  con- 
perabiy  increased;  formation  of  the  compound  AgCl.jNH, 
Igins,  and  pressure  falls  until  equilibrium  is  attained  in  the 
btem  consisting  of  jr(2AgCI.3NH,),  ^(AgCI.3NH,),  and 
fiH,.  If  the  temperature  is  now  lowered,  more  ammonia 
lab.sorbed,  more  AgCl.sNH,  is  formed,  and  pressure  con- 
■ucs  to  fall  until  a  new  state  of  equilibrium  is  attained. 
■  every  temperature  there  is  a  certain  pressure  whereat 
luilibrium  is  established  ;  this  equilibrium  is  independent  of 
ratio  between  the  masses  of  the  solid  members  of  the 
Az.  2AgCI.3NH,  and  AgC!.3NH,. 
;  In  this  case  then  two  processes  occur;  dissociation  of  the 
mpound  2AgCI.3NH,  into  silver  chloride  and  ammonia,  and 
isociation  of  the  compound  AgC1.3NH,  into  2AgC1.3NHj 
1  ammonia.  The  compositions  of  the  two  systems  may  be 
jrescnted  as 

(1)  j»-AgCI+^C2AgC1.3NH,)+^NH,, 

(2)  ;r(2AgCI.3NH,)+;'(AgC1.3NH,)  +  jNH.. 

I  In  each  case  equilibrium   is  independent  of  the  ratio  of 
po  y.     At  any  specified   temperature  each  system  attains 
pilibrium  at  a  definite  pressure;  the  differences  between  the 
iiilibrium-pressures  of  the  two  systems,  at  the  same  tempe- 
urc,  are  so  great  that   it   is  easy  to   study  the   relations 
ween  temperature  and  pressure  on  the  one  hand  and  the 
nposition  of  each  system  on  the  other  hand.     The  equi- 
librium-pressures for  the  two  systems  at  temperatures  varying 
.0  20'  are  given  in  the  following  table': — 


'    Hor 


'-.  ».  749.      liimUn,  Cmip.  find.  86.  1^59;  70.  4fft. 


CHEMICAL   EQUILIBRIUM. 


[book  !1. 


Equilibrium -prcigure  in  mm. 
JAECI.3NH3  AgCl.jNHj 


■  24-9  - 

.  26-S  . 

.  a8-a  . 

-  31-9  ■ 

,  40-9  . 

.  466  . 

.  526  . 


■  446 
.46s 


■  793 


201  If  a  solid  were  changed  by  licat  into  a  series  of  c 
solids  and  a  gas,  and  if  the  equilibrium-pressures  of  Ihc  di£j 
fcrent  systems  thus  produced  were  nearly  the  same  at  3 
specified  temperature,  it  would  be  impossible  to  discniangfd 
the  various  processes  of  dissociation  occurring  when  such  t 
solid  was  heated,  and  to  establish  the  connexions  whi 
certainly  exist  between  temperature  and  pressure  and  t 
composition  of  the  various  members  of  the  complete  system.  I 

Such    a    case   occurs    when   certain   hydrated   salts 
heated.     For   instance    copper    sulphate   forms    a    serie*  £ 
hydrates   CuSO(..i'H,0;    if   a   crystal   of   the    ordinary  In 
drate  CuS0(.5H,0  is  heated  in  a  closed  vessel  of  such  J 
size  that  the  water  of  the  crystal  is  more  than  sufTtcicnt  ^ 
saturate  the  air  in  the  vessel,  water-gas  is  evolved,  and  tl: 
pressure  increases ;   after  a  time  the  process  stops.     If  tl 
temperature  is  now  allowed  to  fall,  water  is  re-absorbed,  ar 
the  pressure  decreases.     But  ihc  change  of  pressure  is  irr 
gular  and  a  long  time  must  elapse  before  equilibrium  is  attaim 
At  a  moderate  temperature  the  crystal  is  slowly  dehyd: 
but  at  the  same  time  small  quantities  of  water  are  re-at»oria 
by   parts  of  the  crystal  which  had  before  given  off  ws 
Irregularities  in  the  form  or  surface  of  the  crystal  largely  &I 
the  processes  of  dehydration  and  rehydration,  and  caus 
tuations  in  one  direction  or  the  other.     As  these  fluctu>tia 
are   accompanied   by  changes  of  pressure,  it   is   nlmost  ■ 
possible  to  esla.\i\isV\  c(\wV\bTvum,  at  a  specified   tcmpeniDI 
in  the  syslcm  consVstm^  ot  ^^^'^AS^^^'^^^'i^'J^JSvtU^ 
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varying  quantities  of  other  hydrates  of  CuSO^.  Several  pro- 
cesses of  dissociation  arc  proceeding  simultaneously,  and  the 
equilibrium-pressure  for  any  one  of  the  dissociating  systems 
iit  a  constant  temperature  is  so  nearly  the  same  as  that  for 
the  other  systems  that  the  establishment  of  an  equilibrium- 
pressure  for  the  whole  system  is  not  attained '. 

If  hydrated  sodium  phosphate,  Na^HP0,.i2H,0,  is  heated 
in  a  dosed  vessel,  water-gas  is  given  off,  and  the  pressure 
increases.  For  any  temperature  there  is  an  equilibrium- 
pressure  established  which  is  independent  of  the  relative 
amounts  of  the  dehydrated  salt  and  the  various  hydrates 
present.  This  equilibrium-pressure  is  the  same  whether  the 
•salt  Na,HPO,.  13H,0  or  a  less  hydrated  salt  than  tliis  is 
used,  provided  the  quantity  of  water  in  the  salt  is  more  than 
that  required  by  the  formula  Na,HPO,. /H.O.  If  the  salt 
Na,HP0,.7H,0  is  heated,  a  series  of  equilibrium-pressures 
is  obtained  different  from  those  pressures  which  characterise 
the  process  when  a  salt  is  used  with  any  quantity  of  water 
more  than  that  required  by  the  formula  Na,HPO,  .7H,0  but 
not  exceeding  that  contained  in  the  salt  fs^a^HPO,.  I2H^0. 
The  following  numbers  represent  the  results  obtained  by 
Debray'. 


Temp. 

Equilibria 

m-p.e 

sures 

Salt  wilh 

7  10  . 1  HjO. 

Sail 

with  less  than 

H,0 

12°  3 

74  mm. 

4-8  mm. 

.6-3 

207 

8-9    „ 

I4'i    ., 

6-9    „ 
9-4    „ 

34  9 
3'  5 

18-2    „ 
302    .. 

12-9    - 
213    .. 

36-4 

all  melicd 

39-S    .. 

30-S    ,. 

40  c 


500 


4 


This  process  presents  an  example  of  dissociation  of  a 
.  >lid  body  into  solid  and  gaseous  constituents  intermediate 
■  I  complexity  between  that  exhibited  by  CuSO, ,  5H,0  on  the 
..,0  hand,  and  the  pair  of  salts,  sAgCI-sNH,  and  AgC1.3NH,, 
I,  the  other  hand. 


I    Fo(  fufthcr  ileUiU  see  Niumani 

See  iho  Leacflwt.  Ceinjit.  rnid.  103. 
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SOS  The  relations  between  volume,  temperature,  and  pressure 
which  accompany  the  merely  mechanical  absorption  of  a 
by  a  solid  arc  dilTerent  from  those  which  mark  the  formatioi 
of  a  dissociable  compound  of  a  gas  and  a  solid. 

The  absorption  of  ammonia  by  charcoal  may  be  con*] 
trastcd  with  the  combination  of  ammonia  with  silver  chloride 
In  the  latter  case  ammonia  is  absorbed  at  12"  when  th 
pressure  is  equal  to  about  319  mm.,  and  absorption  continue 
at  this  temperature  and  pressure  until  the  silver  chloride  i 
changed  into  the  compound  2AgCI,3NH,;  tlie  process  the 
stops,  and  the  pressure  must  be  raised  to  about  520iniii 
before  absorption  of  ammonia  again  takes  place ;  the  rcsul 
of  the  second  process  is  the  formation  of  the  compi 
AgCl.jNM,,  Charcoal  on  the  other  hand  absorbs  ammoni 
at  all  pressures,  temperature  being  constant,  and  the  quantiQ 
of  the  gas  absorbed  increases  regularly  with  increase  1 
pressure. 

Palladium  absorbs  large  quantities  of  hydrogen.  Wbc 
temperature  is  kept  constant,  the  volume  of  hydrt^en  < 
sorbed  is  constant  although  the  pressure  is  caused  to  incrcu 
considerably;  but  after  the  quantity  of  hydrogen  absorbe 
corresponds  approximately  to  that  required  on  the  assumptio 
that  the  compound  Pd,H  has  been  formed,  the  volume  ( 
hydrogen  then  absorbed  increases  largely  as  the  pressuf 
increases.  In  this  case  two  processes  very  probably  occur 
the  first  results  in  the  formation  of  the  dissociable  compoun 
I'd,H,  and  this  follows  the  ordinary  course  of  such  changes 
the  second  consists  in  the  mechanical  absorption  of  hydrogo 
by  the  compound  previously  formed,  and  this  in  turn  folio* 
the  ordinary  course  of  such  occurrences. 

These  instances  shew  how  observations  of  the  rclab'ofl 
between  temperature  and  pressure  and  the  process  of  a 
absorption  of  a  gas  by  a  solid,  or  the  evolution  of  a  g; 
from  a  solid,  enable  conclusions  to  be  drawn  regarding  tl 
formation  or  non-formation  of  a  compound,  or  compouixfaii 
the  gas  with  the  solid. 

;       Processes  of  dissociation  lead  to  the  production  ofd 
sj'stcms  in  equvWbnum.  TVve  generalisations  which  haveJH 
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tade  regarding  chemical  equilibrium  hold  good  in  cases  of 
Rssociation.  Let  us  consider  a  few  classes  of  dissociation- 
processes  with  the  view  of  stating  the  law  which  expresses 
the  conditions  of  dissociation  in  each  class '. 

The  cases  presented  by  heterogeneous  systems  composed  of 
solid  and  gaseous  constituents  admit  of  more  simple  treatment 
than  those  presented  by  homogeneous  systems  all  the  members 
of  which  arc  gases.  The  simplest  case  is  thafwhich  presents 
itself  when  a  solid  dissociates  into  another  solid  and  a  gas, 
e.g.  when  calcium  carbonate  dissociates  into  calcium  oxide 
and  carbon  dioxide. 

Assuming  the  law  of  mass-action,  it  follows  that  equi- 
librium must  result  when  the  active  masses  of  the  members 
of  the  system  bear  a  certain  constant  ratio  to  each  other. 
But  the  active  masses  of  the  solids  arc  constant';  therefore 
equilibrium  will  be  conditioned  by  the  active  mass  of  the 
gas  :  now  the  active  mass  of  the  gas  varies  with  variations  of 
pressure  and  temperature ;  hence  equilibrium  will  be  attained 
at  any  specified  temperature  when  the  pressure  exerted  by 
the  gas  acquires  a  certain  fixed  value,  and  this  pressure  will 
be  independent  of  the  masses  of  the.  solids.  The  equation 
of  equilibrium  assumes  the  form 

cii  =  cM,u,;  and  therefore         =«,, 

where  c  and  c^  are  the  velocity-constants  of  the  direct  and 
reverse  changes,  respectively,  «  =  active  mass  of  one  solid, 
M,=active  mass  of  the  other  solid,  and  «,=  active  mass  of 
the  gas. 

This  result  is  in  keeping  with  what  we  have  already  learnt 
regarding  this  class  of  dissociation-processes. 

When  a  solid  dissociates  into  equal  volumes  of  two  gases, 
e.g.  NHjCI  to  NHjH-HCl,  the  equation  of  equilibrium  is  as 
before  ai  =  c^u^%\ 

there  «  =  active  mass  of  original  solid,  and  «,  and  //,  represent 


Ilcrc  igmin  1  inerelj'  give  l,  condensed  outline  of  Oalwald's  ireatmenl  uf  [Lis 
hi&Zf4;W't,  B.  670— Jol. 
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the  active  masses  of  the  two  gases  when  equilibrium  results ; 
hence 

cu 

u  is  constant,  as  it  represents  the  active  mass  of  a  solid 
present  in  excess. 

Hence  when  a  solid  dissociates  into  equal  volumes  of  two 
gases  the  product  of  the  active  masses  of  the  gases  is  equal  to 
a  constant  when  equilibrium  results,  and  is  independent  of 
the  mass  of  the  solid  body. 

If  the  space  in  which  the  dissociation  proceeds  is  vacuous, 
or  contains  an  indifferent  gas,  then  u^  =  u^  and 

en        - 
—  =  // ' 

But  if  the  space  already  contains  one  of  the  gaseous 
products  of  dissociation,  then  //,  has  not  the  same  value 
as  Wj ;  the  greater  «,  the  smaller  is  z/^,  and  vice  z'ersa;  hence 
the  amount  of  dissociation  may  be  very  much  lessened 
by  increasing  u^  or  «, ;  but  it  cannot  be  wholly  stopped, 
because  to  make  ti^  =  o^  //,  must  be  made  =  oo . 

As  an  example  of  the  dissociation  of  a  solid  into  two 
gases  in  presence  of  an  excess  of  one  of  these  gases,  may  be 
taken  the  results  obtained  by  Isambert  on  the  dissociation 
of  ammonium  hydrosulphide  (NH^HS)  into  ammonia  and 
sulphuretted  hydrogen  in  presence  of  excess  first  of  sulphur- 
etted hydrogen  and  then  of  ammonia*. 

When  equilibrium  results,  the  product  of  the  active  masses 
of  the  two  gases  must  be  the  same  in  each  series  of  experi- 
ments at  the  same  temperature.  Hence  if  /,  and  /,  are  the 
partial  pressures  of  the  two  gases  when  neither  is  in  excess, 
and  p^  and  /,'  are  the  partial  pressures  when  sulphuretted 
hydrogen  is  in  excess,  and  //'  and  /,"  are  the  partial 
pressures  when  ammonia  is  in  excess,  the  equation 

/i  A  =A'A'  =A''A", 
must  be  realised.     Isambert's  results  shew  a  fair  agreement 

*  Comp,  rend,  93.  919  ;  M.  958. 


between  the  values  which  ought  to  be  constant'.  Ostwald 
indicates  a  source  of  error  overlooked  by  Isambert.  Con- 
sidering this,  and  also  considering  the  difficulties  in  making 
accurate  measurements  of  the  partial  pressures,  the  observed 
results  must  be  regarded  as  agreeing  very  well  with  the 
calculated  results. 

If  a  solid  dissociates  into  equal  volumes  of  three  gases,  or 
into  two  volumes  of  one  gas  and  one  volume  of  another  gas, 
the  equation  of  equilibrium  becomes 

provided  some  quantity  of  one  or  other  of  the  gaseous 
products  of  dissociation  is  present  in  the  space  in  which 
dissociation  occurs;  but  if  the  space  is  vacuous  or  contains 
only  an  indifferent  gas,  then 

cu  =  c,«,', 
for  in  this  case  w,  =  w,  =  «,. 

Experiments  on  the  dissociation  of  ammonium  carbamate 
by  Naumann*  shewed  that  the  equilibrium-pressure  is  inde- 
lendcnt  of  the  mass  of  the  solid  present : — 

C0.0NH..NH,:;rC0,+  2NH, 
ftorstmann's  experiments,  wherein  excess  of  ammonia  was 
ometimes  present  and  sometimes  excess  of  carbon  dioxide', 
nd  more  particularly  similar  experiments  by  Isambert', 
iBve  shewn  that  the  product  of  the  partial  pressures  of  the 
>  gases  is  constant  at  a  constant  temperature. 
Cases  of  homogeneous  dissociating  systems  are  considered 
fcy  Ostwald  {loc.cil  693 — 69S),and  the  various  forms  are  found 
for  the  equation  of  equilibrium,  and  are  applied  particularly  to 
the  dissociation  of  nitrogen  tetroxide.  A  convenient  form 
for  the  equation  is  that  in  which  it  gives  a  method  of  cal- 
culating the  spec.  grav.  of  a  dissociating  gas  from  observations 
i pressure  and  temperature. 
As  processes  of  dissociation  are  caused  by  heat  and  are 
ended  with  changes  of  energy  to  the  dissociating  systems, 
I    For  iiclud  numbers  see  OslwaH, /u/.dV.CiHs.            '  .^flnnnloi.wn.  ■.%-  I 

»  IUr.*.7Js.                   '  Camfl.  ratd.Vl.  731;  tfl.  \wx-  I 
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it  is  necessary  to  examine  briefly  the  thcrmodytiamical  aspects 
of  these  occurrences.  It  will  also  be  incumbent  on  us  to  giaace 
at  the  explanation  of  dissociation  which  is  aflTorded  by  the 
molecular  and  atomic  theory. 

The  general  conception  of  a  dissociable  gas  at  a  speciBed 
temperature  which  is  presented  by  the  kinetic  theoiy  of 
gases  is  that  of  a  system  of  molecules  the  kinetic  energy  of 
some  of  which  is  different  from  that  of  the  mean  value  of  the 
kinetic  energy  of  the  whole  number,  and  in  whidi  system  the 
distribution  of  the  energy  of  rotation  of  parts  of  molecules 
also  varies.  When  heat  is  expended  upon  this  system  the 
energy  of  rotation  of  the  parts  of  the  molecules  ts  increased, 
and  the  kinetic  energy  of  the  molecules  is  also  increased. 
The  result  is  that  some  of  the  molecules  are  separated  into 
parts ;  as  temperature  rises  more  molecules  arc  separated ; 
but  as  tile  number  of  undissociated  molecules  becomes  smaller 
the  chances  of  any  molecules  undergoing  dissociation  also 
become  smaller;  hence  the  velocity  of  dissociation  increases, 
as  temperature  rises,  to  a  maximum,  and  then  diminishes  to  a 
minimum  when  all  the  molecules  have  been  separated  into 
parts.  Now  suppose  the  temperature  to  be  kept  constant 
at  a  certain  point  in  the  process  of  dissociation  ;  some  mole 
cules  are  being  separated  into  parts,  and  this  separation  i 
accompanied  by  disappearance  of  heat ;  but  at  the  same  time 
the  translatory  energy  of  some  of  the  portions  of  moleculd 
has  become  such  that  re-combination  occurs,  and  this  pre 
is  attended  with  production  of  heat  If  then  no  heat 
allowed  to  enter  or  leave  the  system,  the  system  wHIl  settlt 
down  into  equilibrium  when  the  number  of  molecules  wbict 
dissociate  in  unit  of  time  is  equal  to  the  number  which  I 
re-formed  in  the  same  time. 
6  In  par,  189  was  given  a  brief  statement  of  Willord  Gibbi 
thermodynamical  treatment  of  chemical  equilibrium. 

A  dissociable  gaseous  system  is  one  some  of  the  con 
stituents  of  which  can  be  produced  from  the  other  1 
stitucnts;  such  a  system  will  be  in  stable  equilibrium  whci 
its  energy  has  attained  the  minimum  value  po«sib(c  for  tbi 
entropy  and  volume  of  the  system.    An  equation  can 
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found  for  such  a  system  connecting  the  spec.  grav.  with  the 
temperature,  pressure,  and  volume.  To  find  whether  this 
equation  holds  good  for  actual  dissociable  gaseous  systems, 
notwithstanding  the  occurrence  of  chemical  action,  Gibbs 
compares  the  spec,  gravities  of  the  gases  obtained  by 
heating  nitrogen  tetroxide  (N,0,),  formic  acid,  acetic  acid, 
and  phosphorus  pentachloride,  at  different  pressures  and 
temperatures,  with  the  spec,  gravities  calculated  by  means  of 

t equation  deduced  for  an  'ideal  gas-mixture  witli  con- 
ble  components.'  The  equation  in  question  is 
re  /?  =  spec.  grav.  of  the  gaseous  mixture,  /J,  =  spec.  grav. 
VI  uie  less  dense  component  of  the  mixture,  /  =  temperature, 
/  =  pressure,  and  A,  B,  and  Care  constants  to  be  determined 
experimentally  for  each  dissociable  system.  The  observed 
results  agree  very  closely  with  the  calculated  numbers  in  most 
cases  ;  but  some  discrepancies  are  observed,  especially  in  the 
case  of  phosphorus  pentachloride. 

k      Gibbs  concludes  his  paper  with  these  words ; — 
"  The  constants  of  these  ct|uation5  are  of  course  subject  10  correction 
by  future  experiments,  which  must  also  decide  the  more  general  question, 
in  what  cases,  and  within  what  limits,  and  with  what  degree  of  approxi- 
mation, the  actual   relations  can  be  expressed    by  equations  of  such 

JOG  A  very  brief  sketch  was  given  in  par.  194  of  the  appli- 
cations to  chemical  equilibrium  of  the  vortex-atom  theory  of 
matter  by  J.  J.  Thomson. 

The  mean  time  during  which  an  atom  is  paired  with 
another  of  a  different  kind  is  called  the  faired  time;  and  the 
mean  time  during  which  the  vortex-ring  atom  vibrates  alone 
and  unpaired  is  called  the  free-time.  The  conditions  which 
determine  the  ratio  of  paired  to  free  time  in  a  dissociable  gas 
will  determine  the  amount  of  dissociation  in  that  gas.  The 
theor)'  gives  a  means  of  investigating  the  effect  of  a  dis- 
turbing influence,  such  as  the  action  of  heat,  light,  or  electricity, 

^^^  of  other  vortex-rings  in  the  neighbourhood,  on  two  vortex- 


404  CHEMICAL  EQUILIBRIUM.  [BOOK  H. 

atoms.  Whether  the  effect  shall  be  to  separate  the  atoms, 
or  to  make  the  connexion  between  them  stronger,  depends  on 
the  direction  in  which  the  vortex-rings  are  moving.  If  they 
are  moving  in  the  same  direction  with  different  velocities  the 
effect  of  the  disturbance  will  be  to  make  them  hold  more 
firmly  together ;  but  if  they  are  moving  in  opposite  directions 
with  different  velocities  the  effect  of  the  disturbance  will  be 
to  separate  the  rings. 

Thomson  then  considers  the  conditions  under  which  the 
ratio  of  paired  to  free  time  is  so  reduced  that  the  gas  separates 
into  its  constituents.  He  considers  cases  of  various  degrees  of 
complexity,  beginning  with  that  of  an  elementary  gas  the 
molecules  of  which  are  diatomic.  He  shews  how  an  equation 
is  arrived  at  for  such  a  gas  whereby  the  ratio  of  the  number 
of  free  atoms  to  the  number  of  molecules  at  any  time  may  be 
determined.  This  equation  may  be  expressed  as  an  equation 
giving  the  vapour-density  of  the  dissociated  gas;  and  the 
results  calculated  by  it  can  then  be  compared  with  the  ex- 
perimentally determined  results.  Further,  this  form  of  the 
equation  varies  according  as  it  is  assumed  that  the  dissoci- 
ation is  produced  by  collisions  between  the  molecules,  or  by 
some  external  agency  such  as  heat,  light,  or  electricity.  In 
the  simple  case  of  iodine  vapour  **  if  the  dissociation  were  due 
to  the  collisions  of  the  particles,  then  the  paired  time  would 
vary  inversely  as  the  number  of  collisions,  and... dissociation 
would  be  the  same  at  all  pressures."  But  the  dissociation  of 
iodine  vapour  is  dependent  on  the  pressure,  hence  the  dis- 
sociation is  probably  not  due  to  collisions  between  the  mole- 
cules, but  rather  to  the  action  of  some  external  agency. 
In  considering  the  change  of  gaseous  hydriodic  acid  into 
iodine  and  hydrogen  it  is  shewn  that  the  amount  of  the 
change,  at  a  given  temperature,  should  be  much  less  de- 
pendent on  pressure  than  in  the  case  of  iodine  vapour.  This 
conclusion  follows  whether  the  change  is  regarded  as  the  effect 
of  collisions  between  the  molecules,  or  as  the  effect  of  an 
external  agency.  The  experimental  results  obtained  by 
Lemoine*  confirm  Thomson's  theoretical  deduction.    Other 

>  See  Tht  EkmaUs  rf  TTUrmal  Chtmistry^  par.  i6a 
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cases  are  considered  in  the  paper  referred  to,  and  equations 
are  deduced  whereby  the  conditions  which  determine  the 
ratio  or  paired  to  free  time,  and  therefore  determine  the 
amount  of  dissociation,  may  be  obtained. 

07  Dissociation-processes  come  under  the  laws  which  express 
the  conditions  of  chemical  equilibrium.  In  a  chemical  de- 
composition we  have  doubtless  collisions  occurring  between 
different  kinds  of  molecules  resulting  in  the  shattering  of 
these  molecules  and  the  formation  of  molecules  of  other 
kinds.  The  theoretically  simplest  case  of  dissociation  occurs 
when  the  molecules  of  one  kind  of  matter  are  separated  into 
parts  by  the  action  of  heat  without  the  occurrence  of  reactions 
between  the  parts  of  the  molecules;  such  a  separation  probably 
occurs  in  the  dissociation  of  the  molecule  I,  into  the  atoms 
I  +  I,  In  the  dissociation  of  molecules  of  the  composition  HI 
into  the  molecules  H,  and  1,,  it  is  probable  that  two  actions 
occur,  one  being  represented  by  the  equation 

HI  +  HI  =  H-HH-fl-l-I. 
and  the  other  by  the  equation 

H-t-H-l-I-t-I  =  H,-H,. 
Whether  these  changes  are  caused  by  collisions  between  the 
molecules,  or  by  the  action  of  an  external  agency  causing  the 
direct  separation  of  the  molecules  HI  into  atoms,  cannot 
at  present  be  determined.  But  it  is  important  to  notice  that 
Thom.soii's  application  of  the  vortex-atom  theory  to  processes 
of  dissociation  leads  to  the  recognition  of  dissociation  being 
due  to  two  causes,  one  of  which  is  collisions  between  mole- 
cules, and  the  other  is  the  direct  efi"ect  of  an  external  agency 
such  as  heat,  electricity,  or  light. 

ig  We  have  now  gained  a  fairly  consistent  conception  of 
jhemical  change,  and  of  the  laws  which  express  the  conditions 
■  f  this  class  of  occurrences.  The  law  of  mass-action,  and  the 
Ijrincipic  of  the  coexistence  of  reactions,  have  been  arrived 
at  by  an  empirical  examination  of  special  cases  of  chemical 
change ;  these  laws  have  been  confirmed  by  deductions  from 

Iermodynamical  principles,  and  also  by  the  afp\\ca.XXQT\  cX  '0(\e. 
btecular  and  .itomic  theory  of  matter. 
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Chemical  change  then  follows  the  same  laws  as  other  classes 
of  physical  occurrences;  the  differences  between  chemical 
and  physical  occurrences  are  differences  of  degree  and  not  of 
kind. 

It  is  important  to  notice  that  although  the  thermody- 
namical  treatment  of  chemical  equilibrium  provides  for  the 
consideration  of  the  influence  of  temperature,  nevertheless 
there  has  not  as  yet  been  any  thorough  examination  of  the 
effect  of  variations  of  temperature  on  the  velocities  of 
chemical  changes. 

Some  chemical  occurrences  seem  to  be  independent  of 
temperature,  while  others  are  largely  conditioned  by  changes 
in  this  variable.  Various  formulae  have  been  given  for  shew- 
ing the  connexion  between  temperature  and  rate  of  change, 
but  none  is  altogether  satisfactory*. 

In  the  earlier  statement  of  the  equation  of  equilibrium 

the  constants  k  and  k  were  called  the  coefficients  of  affinity 
of  the  direct  and  reverse  parts  of  the  complete  process ;  as  we 
proceeded  it  was  found  possible  to  substitute  the  more  exact 
expression  reactunt-velocity  for  the  vaguer  term  used  at  first 
But  no  attempt  has  yet  been  made  to  analyse  these  coefficients, 
or  to  trace  connexions  between  their  values  and  the  composi- 
tion and  other  chemical  properties  of  the  bodies  which  take 
part  in  the  various  changes.  It  is  necessary  now  to  proceed 
to  this  part  of  our  subject. 

^  See  Ostwald,  Lehrbuch^  2.  738 — 740. 
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In  Chapter  I.  of  this  Book  I  have  placed  before  the 

■dent  a  sketch  of  the  views  concerning  chemical  affinity 

llich  prevailed  before  the  publication  of  Bertholiet's  Essai 

I  Statique  Chimique;  I  have  tried  to  shew  the  importance 

I  Bertholiet's  assertion  that  every  chemical  change  is  con- 

poned  not  only  by  the  affinities   but  also  by  the  masses 

I  the  interacting  bodies ;  I  have  passed  in  review  the  work 

I  Guldberg  and  Waage,  which  led  to  an  accurate  statement 

I  the  law  of  mass-action,  by  incorporating  the  conception 

I  equivalency  with  that  of  mass,  and  by  considering  the 

^ributton   of  the   members   of  a   changing   system   when 

[uilibrium  is  established ;  I  have  given  a  short  account  of 

Me  researches  by  Ostwald  and  others,  which,  while  con- 

ming  the  ideas  of  Guldberg  and  Waage  by  applying  them 

I  different  classes  of  chemical  changes  and  finding  the  ex- 

^sion  of  the  fundamental  law  appropriate  to  each  class, 

Kve  also   amplified   these  ideas   by  adding   to   the   law  of 

ss-action    the  principle  of  the   coexistence   of  reactions ; 

■have  tried  to  help  the  student  to  form   a  conception  of 

changing  chemical  system  as  swinging  in  two  directions 

nil  equilibrium   is  attained,  and  to  regard  the  direct  and 

"erse  changes  as  conditioned  by  the  active  mass  and  the 

fficient  of  affinity  of  each  member  ol  ll^e  Si'ysX.cnv,  \\\aN«. 

ght  to  give  proofs  of  the   assertion  that  X\\o5c  tea-oXow-a 
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which  seem  to  proceed  only  in  one  direction  are  really 
limiting  cases  of  equilibniim  ;  and  finally  I  have  glanced 
at  the  thermodynamical  and  the  molecular  methods  whereby 
the  law  of  mass-action  and  the  principle  of  the  coexistence  of 
reactions  have  met  with  a  general  confirmation. 
210  The  fundamental  equation  of  equilibrium,  kpq=kp'^, 
assumes  a  more  workable  form'when  written 

In  these  equations  P,  Q,  P ,  and  Q  =  number  of  equivalents 
of  each  reacting  body  in  a  system  of  four  todies ;  /,  q,^,  and 
q'  =  active  mass  of  each  body  present  in  the  system  when 
equilibrium  is  established;  x=  number  of  equivalents  of/* 
and  Q  decomposed,  and  number  of  equivalents  of  /*"  and  Q 
formed,  when  equilibrium  results;  and  k  and  ifr' =  coeflidents 
of  affinity  of  the  direct  and  reverse  change,  respecti%'ely. 
(f,  par,  169,) 

In  applying  this  equation  it  is  necessary  to  determine  x 
for  some  special  initial  values  of  P,  Q,  P',  and  Q,  hence  to 

^' 
find  the  value  of  the  ratio  r,  to  use  this  value  in  order  to 

k 

calculate  x  for  various  values  of  P,  Q,  P,  and  (^,  and  to 
compare  the  observed  values  o(  x  with  those  thus  calculated. 
(For  examples,  v.  par.  170.) 

The  coefficients  i  and  i'  may  be  regarded  as  represent- 
ing the  chemical  forces  which  respectively  cause  the  formation 
of  P"  and  Q',  and  the  re-formation  of  P  and  Q.  But  the 
notion  of  chemical  force  is  at  present  vague  and  inexact: 
we  found  it  better  to  follow  van't  Hoff,  Guldberg  and  Waage, 
and  others,  in  regarding  k  and  *'  as  the  velocity-constants 
of  the  direct  and  reverse  change,  respectively.  As  thus  inter- 
preted, the  equation 

(P-x)(Q-x)  =  ^^(P-+x)(Q-  +  x) 

establishes  a  quantitative  connexion  between  the  equilibrium 
of  a  chemical  system  and  the  velocities  of  the  two  parts  inlo 
which  the  complete  cVian^e  TOa.7  \«  &\\iii. 


But  although  it 


I  the  ratio  of  the  velocity -constants  of  the  two  parts  of  the 

mpletc  change,  yet  we  cannot  be  satisfied  with  this  inter- 

k' 
station.     For   x  represents   the   value  of  the  ratio  of  the 

nity  of  the  two  bodies  P  and  Q  to  the  affinity  of  the  bodies 
P  and  Q  produced  by  the  interaction  of  P  and  Q ;  and  the 
licidation  of  chemical  affinity  is  the  ultimate  object  of  our 
Iquiry.     Let  us  then  examine  the  results  which  have  been 

ained  by  applying  the  equation  of  equilibrium. 


Section  I. 
Specific  affinity -coefficients  of  acids  and  bases. 

'  In  par.  l8l  the  application  of  the  equation  of  equilibrium 
f  a  system  of  four  bodies  was  considered.     The  bodies  A 
?  are  changed  to  A'  and  B' \  the  active  masses  of  the 
r  bodies  at  the  beginning  of  the  process  are  P,  Q,  P,  Q, 
fcpectively ;  x  represents  the  number  of  equivalents  of  A 
i  B  changed  to  A'  and  B  at  any  moment,  and  y  represents 
e  number  of  equivalents  of  A'  and  B'  changed  to  A  and  B 
|the  same  moment ;  c  is  the  velocity-constant  of  the  direct 
mge,  and  c'  is  the  velocity-constant  of  the  reverse  change  ; 
\  the  velocity  of  the  direct  change  is 
{P->:){Q-X)t; 
B  velocity  of  the  reverse  change  is 

{p--x){a-x)c\  ~ 

I  the  velocity  of  the  total  change  is 

{P-x^  (Q  -x)c-(P  +a--)  (Q-  +x')  c: 

When  equilibrium  results  the  velocity  of  the  total  change 

l^ust  =  o ;  if  then  f  =  value  attained  by  x  when  equilibrium 

ults,  we  have  the  conditions  of  equilibrium  expressed  in 

9  of  the  velocities  of  the  two  parts  of  the  total  change  by 

■  equation 

(f-f)(a-t>^'(p'  +  iHQ'*i)<:- 


410  CHEMICAL  AFFINITY.  [BOOK  11. 

If  the  initial  conditions  are  made  such  that  one  equivalent 
of  A  and  one  of  B  are  present  and  A'  and  S'  are  absent,  wc 
have  P=  Q=  \,  and  P"  =  Q'  =  o;  the  equation  then  becomes 

(i-f)''=r^. 

and  hence 

As  f  can  be  determined  by  experiment,  the  ratio  of  the 

velocity-constants,  -, ,  can  be  calculated. 

'.812  This  form  of  the  equation  of  equilibrium  has  been  applied 
by  Thomsen  to  the  case  of  the  interaction  between  an  add 
and  the  neutral  salt  of  another  acid  in  dilute  aqueous  solution. 
When  equivalent  masses  of  hydrochloric  acid  and  sodium 
sulphate  interact,  Thomsen  found  that  f=|;  the  same  value 
was  found  when  nitric  acid  was  substituted  for  hydrochloric; 
these  results  were  on  the  whole  confirmed  by  Ostwald,  who 
employed  a  different  experimental  method.  (For  details,  v. 
pars.  183.  184.) 

By  repeated  experiments  with  a  neutral  salt  and  different 
acids  it  is  obvious  that  values  can  be  found  for  f  in  each  case ; 
and  from  these,  values  are  at  once  deduced  for  the  ratio  of 

the  velocity-constants,  -; .     This  ratio,  -, ,  is  the  same  as  the 
— *^)  ,  so  that  to  express  the  ratio  in   question  we 

may   employ   either    form,   nor  i_-A  ;   the  ratio  -r^e 

k 
identical  with  tliat  formerly  expressed  by  the  symbols  -r. ,  anJ 

called  the  ratio  of  the  affinities  of  the  reacting  bodies.  Heni 
investigations  conducted  on  the  lines  just  indicated  will  lea 
to  measurements  of  the  relative  aflinities  of  different  acids  foi 
the  same  base.  Such  investigations  have  been  conducted  bj 
Thomsen,  Ostwald,  and  others. 

Suppose  that  equivalent  masses  of  Na^SO,  and  HCl  inlet- 
act  in  dilute  aqueous  solution;  the  direct  change  which  occun 
will  result  in  product.\oi\  o^  "^aCX  ■i.t\i\S.5>^v''»i>'t  these 


■  (r^J 


inlet- 
ccun  I 
ewiU 
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react  to  reproduce  Na,SO,  and  HCI ;  if  measurements  of  f 

are  made — i,e.  if  the  number  of  equivalents  of  each  body 

present  when  equilibrium  is  attained  is  determined — we  have 

fc  fc        f: 

values  for  the  ratio  — ^-^  which  is  the  same  as  */  -,  or  t* . 

We  thus  determine  the  ratio  of  the  aifinities  of  the  two  acids, 
sulphuric  and  hydrochloric,  towards  the  base  soda.  If  another 
series  of  measurements  of  f  is  made  when  equivalent  masses 
of  Na,SOj  and  HNO,,  react  in  dilute  aqueous  solution,  we 
shall  determine  the  ratio  of  the  affinities  of  the  two  acids 
sulphuric  and  nitric  towards  the  base  soda.  We  can  thus 
obtain  a  series  of  ratios  k  :  ff ,  k  :  k",  k :  k",  &c.  which 
express  the  relative  affinities  of  various  acids  towards  a 
specified  base  in  terms  of  some  one  acid  chosen  as  a 
standard. 

There  is  another  way  of  looking  at  the  meaning  of  the 
ratio  we  are  considering.  When  an  acid  interacts  with  an 
equivalent  mass  of  the  neutral  salt  of  another  acid  until  equi- 
librium is  attained,  the  number  of  equivalents  of  the  salt 
remaining  unchanged  is  i  —  f  (giving  the  same  meaning  to  f 
as  before),  and  the  number  of  equivalents  of  the  salt  decom- 
posed is  f ;  but  as  each  equivalent  of  salt  decomposed  pro- 
duces one  equivalent  of  base  and  one  of  acid,  f  is  also  the 
number  of  equivalents  of  the  base  which  has  combined  with 
the  added  acid,  and  1  -  f  expresses  the  number  of  equi- 
valents of  the  base  which  has  remained  in  combination  with 

the  first  acid.     The  ratio  —~  then  expresses  the  distribution 

of  tile  base  between  the  acids.  Thus  in  the  case  of  Na,SOj 
reacting  with  H,N,0„  Thonisen  found  f  =  J;  that  is,  §  of  the 
base  (Na,0)  had  entered  into  combination  with  nitric  acid, 
and  I  of  the  base  remained  combined  with  sulphuric  acid, 
when  equilibrium  was  attained.  Hence,  if  the  affinity  of  an 
acid  is  measured  by  the  quantity  of  a  base  with  which  it  com- 
bines when  competing  for  the  base  with  another  acid  in  dilute 
aqueous  solution,  the  three  compounds  being  present  in  equi- 
valent quantities,  it  follows  that  the  affinity  o^  \\Ai\c.  it\i  K-at 
soda  is  twice  th^t  o/su/phuric  acid  for  the  saLttve \iaae.. 


L^ 


J 
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Thomsen  uses  the  term  avidity  of  an  acid  for  a  base,  but] 
it  seems  better  not  to  introduce  a  new  term  when  we  h3\-efl 
already  employed  the  word  affinity  to  express  the  same  con-l 
ception. 

The  following  numbers  are  taken  from  Thomsen "s  Untir- 
sucknngeu  (l.  308) : 


RttaHve  affinHy. 

Nitric  acid 

l-o 

Hydrochloric  acid 

IXl 

Hydrobromic  acid 

089 

Sulphuric  acid 

0-49 

Uichloracetic  acid 

oj6 

Oxalic  acid 

0-24 

Monochloracetic  acid 

009 

Acetic  acid 

003 

Take  the  numbers  for  sulphuric  and  monochloracetic 
acids,  '49  and  09;  these  numbers  tell  that  when  one  equi- 
valent of  sulphuric  acid  reacts  with  one  equivalent  of  sodtunf 
moiiochloracetate  in  dilute  solution  until  equilibrium  is  estab- 
lished, the  base  divides  itself  between  the  acids  in  the  ratin 


■49  :  "og;   or 


■09' 


hence   f=iS5;    in    other   won]<^ 


15*5  p.  c.   of  the   total    soda   remains    combined    with 

monochloracetic  acid  and  845  p.  c.  enters  into  combinadoil 

with  the  sulphuric  acid. 

213        The  thermal   methods  employed   by  Thomsen,  and  I 

volumetric   methods  used  by  Ostwald,  for  determining  the 

distribution  of  a  base   between   two  acids,  when    the   three 

bodies  react  in  equivalent  quantities  in  dilute  solutions,  hart 

already  been  described  (pars,  1S3,  1S4).     Ostwald  con  ductal 

^  a  series  of  experiments  with  the  special  purpose  of  determin- 

H  ing  whether  the  relative  affinity  of  an  acid  varies  with  varia- 

^P  tions  in  the  base'.     The  acids  compared  were  nitric  and  sul- j 

H  phuric,   hydrochloric   and  sulphuric,  and    hydrochloric 

H  nitric  ;  the  bases  were  potash,  soda,  ammonia,  magnesia,  lin 

H  oxide,  and  cupric  oxide.     The  following  table  shews  the  r 

H  in  which  an  equivalent  of  each  base  divided  itself  between  11 

^^         equivalent  of  each  acid:- 


'  See  Ukrlm\,  ».  18^*.  >«  7-f"'  F«''"'  Cl«mU.v^^-^^-  -^i^v 


I 


IB.  in.  §§212,213]    AFFlNIT\'-COEFFICIENT.S. 
Relative  afkis'ities. 
H,N,0,  H,C1, 

'■  H,SO,  '  ■     H,SO," 


o'667  o-6;o 

!.=  j-oo  ??  = 

0333  034 1 

0667  _  o'657 


0348  0356 

0-362  0365 

0-383  0-395 


0J91  ^  ^ 

o'4og     '  ■"  o'4i6 


Copper  oxide  -  — =  i.t4  —^^=1-40  -—=007 


The  ratio  of  the  affinities  of  iiydrochloric  and  nitric  acids 
is  evidently  independent  of  the  nature  of  the  base,  whereas  in 
the  case  of  sulphuric  and  hydrochloric,  or  sulphuric  and 
nitric,  acids,  the  ratio  varies  in  accordance  with  the  nature  of 
the  base.  The  reason  for  this  apparent  difference  is  to  be 
sought  for  in  the  numbers  which  express  the  volume-changes 
attending  tlie  action  of  sulphuric  acid  on  normal  sulphates. 
Ostwald  shews  that  when  sulphuric  acid  and  normal  sulphates 
react  in  equivalent  quantities,  only  a  portion  of  the  sulphate 
is  changed  into  the  acid  salt,  and  that  the  amount  of  this 
change  depends  on  the  base  present  in  the  normal  sulphate. 
Hence,  Ostwald  concludes,  that 

"sulphuric  acid... does  not  exert  affinity  on  a  base  with  its  whole 
mass  but  only  with  that  part  which  is  not  combined  to.  form  acid 
lilphate.  The  greater  this  part,  ihe  greater  will  the  affinity  of  sulphuric 
..cid  appear  to  be." 

i  t  is  probable  that  the  true  relative  affinity  of  sulphuric  acid, 
Ike  that  of  hydrochloric  and  nitric  acids,  is  independent  of 
1  he  nature  of  the  base  with  which  the  acid  combines. 

The  influence  of  temperature  on  the  relative  affinities  of 

the  three  pairs  of  acids  is  then  examined  by  Ostwald  in  the 

same  way  as  has  been  employed  for  examining  Hvc  '\nft,wenK.^ 

^Kthe  nature  of  the  base. 


CHEMICAL  AFnNITV. 


[nCWK  II. 


The  results  are  contained  in  the  following  table 


Relative  affinities  {for  Soda). 


o6i5 

"■345 

o;667^ 

o'333 

0669 

0-331 

2223= 
0-297 


2-37 


Here  again  the  relative  affinities  of  hydrochloric  and  nitric 
acids  remain  constant,  while  that  of  sulphuric  acid  varies  with 
variations  of  temperature.  The  variation  in  the  value  of  Ute 
relative  affinity  of  sulphuric  acid  is  shewn  to  be  inverseljias 
the  amount  of  acid  which  has  combined  with  the  normal 
sulphate;  this  confirms  the  provisional  conclusion  that  tbe 
true  relative  affinity  of  sulphuric  acid  is  in  all  respects 
comparable  with  the  relative  affinities  of  hydrochloric  t 
nitric  acids. 

The  final  result  of  these  experiments  is,  that  tA^  rtlatisi 
affinities  of  tlie  acids  are  expressed  by  constant  numbers. 

In  another  paper',  Ostwald  extends  the  volumetric  method 
to  a  number  of  acids,  both  monobasic  and  dibasic,  includiag 
several  carbon-acids.  He  has  also  determined  the  refractin 
indices  of  many  of  the  solutions  of  acids,  bases,  and  salOi 
already  employed,  and  from  tliese  he  has  arrived  at  measurfr 
ments  of  the  amounts  of  change  ;  so  that  most  of  the  dztaa 
which  his  calculations  are  based  have  been  gained  by  W 
independent  methods.  The  results  agree  very  well;  OstviU 
however,  thinks  that  the  volumetric  method  gives  more  tnul- 
worthy  results  than  the  optical  metliod.  The  following  tati 
presents  the  results  of  the  volumetric  experiments. 


'  ?-/>■ 


r  fratt.  Ch*niitAi>.'V*- v».-,  UhrWtV.v. -(#,v_ 
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^B    Proportions  in  which  Bases  are  shared  among  Monobasic 


1  Dichloracetk  :  nitric 

2  Dichloracetic  :  hydrochloric 

3  Dichloracetic  :  trichloracetic 

4  Dichloracetic  :  lactic 

;  Monochloracetic  :  trichloracetic 

6  Fonnic  ;  trichloracetic 
lactic 

butyric 
isobutyric 


77 


7  Formic 

8  Formic 

9  Formic 

10  Fonnic 

11  But>Tic 


I  Isobutyric  ;  acetic 

13  Propionic  :  formic 

14  Glycotlic  :  formic 


One  equivalent  of  the  neutral  salt  (of  potassium,  sodium, 
or  ammonium)  of  the  acid  placed  first  in  column  1  reacted 
with  one  equivalent  of  the  acid  placed  after  it  in  the  same 
column;  the  numbers  in  the  columns  of  bases  represent  the 
percentage  amounts  of  base  witlidrawn  from  the  first  acid  by 
the  action  of  the  second, 

These  results  confirm  the  conclusion  that  the  relative 
affinities  of  the  acids  are  expressed  by  constant  numbers. 
14  This  question  of  the  constancy  of  the  numbers  expressing 
the  relative  affinities  of  acids  is  very  important.  Having 
shewn  by  experiment  that  the  question.  Are  these  numbers 
independent  of  the  nature  of  the  base?  must  be  answered  in 
the  affirmative,  Ostwald'  proceeds  to  examine  the  subject 
somewhat  as  follows. 

The  absolute  affinity  of  an  acid  A  for  a  base  5  is  a  func- 
tion of  both  ;  let  it  be  represented  hyf{A,B);  then  by  putting 
A  and  A'  as  two  acids  and  B  and  B'  as  two  bases,  the  state- 
ment that  the  relative  affinities  of  the  acids  are  independent 
of  the  nature  of  the  bases,  may  be  put  in  the  form, 

/[a:b)  /{A-.ey 

>  li/trfuilt,i.  iBT.  y.  fur  firatt.  ClumU,  ^iV  «■  W^- 


J 
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And  by  changing  the  means  we  get 
f[A.B)  _/{A:B) 
f{A.B-)     AArS")- 

But  the  second  equation  means  that  the  relativ'c  affinities 
of  the  bases  are  independent  of  the  nature  of  the  adds. 
Hence  the  affinitj'  between  an  acid  and  a  base  is  the  product 
of  two  specific  affinity-coefficients,  one  of  which  belongs  to  the 
acid  and  the  other  to  the  Isase. 

This  conclusion  is  of  very  great  importance;  it  rests  on 
the  experimental  evidence  already  sketched,  but  it  is  also- 
confirmed  by  a  large  amount  of  indirect  evidence.  An  exam- 
ination of  this  evidence  leads  us  not  only  to  place  greattr 
trust  in  the  accuracy  of  the  conclusion  already  stated,  but  it 
also  shews  how  values  have  been  found  for  the  affinities  of 
many  acids  by  methods  other  than  the  thermal  method 
used  by  Thomsen  and  the  volumetric  method  employed  by 
Ostwald. 
ftl5  When  acetamide  is  brought  into  contact  with  water 
and  an  acid,  it  is  changed  to  acetic  acid,  and  ammonia,  wtucfa 
combines  with  the  acid. 

The  change  may  be  formulated  thus, 

CH,.CO.NH,-|-H.O  =  CH,,CO.OH  +NH,. 

The  rate  of  this  change  varies  with  the  nature  of  the  add 
used. 

If  each  acid  possesses  a  specific  affinity-coefficient,  nt 
might  expect  that  the  reaction  under  consideration  would  ht 
quantitatively  conditioned  by  the  value  of  the  coefficient  for 
each  acid  used, 

Now  we  have  already  seen  that  the  ratio  of  the  affinities 


of  two  acids  may  be  expressed  in  the  form 


,  andtlBl 


this  ratio  is  equal  to  the  square  root  of  the   ratio  of  tli 

velocity-constants  of  the  reaction  ,.  =  ./£;  hence  if  tf 

velocities   of  the   change   of  acetamide  to    acetic    acid  ai 
ammonia  are  meas.uted,usTO£i\?i&iesi.\.  wii,*,-^*:  ^'UaU  beat 
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to  find  the  affinity -constants  of  the  acids;  and  the  values 
thus  obtained  may  be  expected  to  be  the  same  as  those 
deduced  for  the  same  acids  by  the  thermal  or  volumetric 
study  of  the  reactions  which  occur  when  these  acids  react 
with  bases'. 

The  course  of  the  change  was  observed  by  decomposing 
the  ammonium  salt  formed  by  sodium  hypobromite,  and 
measuring  the  nitrogen  evolved.  The  reaction  is  not  free 
from  secondary  changes;  the  ammonium  salt  formed  causes 
the  velocity-constant  of  the  stronger  acids  to  be  greater,  and 
the  constant  for  weak  acids  to  be  smaller,  than  would  be  the 
case  were  the  ammonium  salt  not  formed.  The  time  was 
determined  in  each  case  at  which  one-half  of  the  total  aceta- 
mide  had  been  changed ;  the  reciprocals  of  these  times  are  the 
velocity-constants  ;  and  the  square-root  of  the  ratio  of  these  is 
the  ratio  of  the  affinities  of  the  acids.  The  occurrence  of  se- 
condary reactions  makes  the  numbers  obtained  rather  doubtful ; 
nevertheless  the  order  of  the  affinities  of  the  acids  examined  is 
the  same  as  the  order  of  the  affinities  determined  by  the  more 
accurate  volumetric  method,  and  in  the  cases  of  the  stronger 
acids  the  individual  numbers  agree  very  fairly.  Ostwald  also 
determined  the  velocity-constants  when  the  reaction  had  pro- 
ceeded for  a  short  time  only;  under  these  conditions  but  little 
ammonium  salt  was  formed,  and  the  secondary  changes  were 
eliminated  to  a  considerable  extent.  When  the  values  tbus 
obtained  are  compared  with  those  formerly  arrived  at,  the 
influence  of  the  secondarj'  reaction  caused  by  the  ammonium 
sidts  is  very  marked,  especially  with  the  weaker  acids'. 
G  When  methylic  or  cthjlic  acetate  in  aqueous  sohi- 
cion  is  kept  at  a  moderate  temperature  the  acetate  is  very 
sluwiy  changed  to  alcohol  and  acid,  but  if  an  acid  is  added 

F  change  proceeds  more  rapidly  ; 
CH. .  COOCH,  +  H,0  =  CH,.  COOH  -i-  CH, .  OH. 

'   Sec  OslWMld,  7,  /wr  fraJt/.  Chemit,   (1).  W.  +49:  or  Ltlirbuih,  1.  75(8.      Il 
^  LuaJrcAdy  been  shewn  (pur.  176)  ihnt  ihc  rcaciioni  in  qucilioii  follow  llwiVwt  sA 
n.,...  m-iiiin  nnd  ibe  priofiplt  of  the  eocii>icncc  of  lenctumi. 
I       ■.■\\r\itnve^tcn  m  ihe  lalilc  on  ti.  )>>- 


M 


41 8  CHEMICAL  AFFINITY.  [BOOK  IL 

This  reaction  has  been  used  by  Ostwald*  for  determining  the 

affinities   of  many  acids;   the   velocity  of  the  change  was 

measured  by  titrating  with  a  standardised  baryta  solution,  as 

the   change   proceeded   the  amount   of    acid   in   the   liquid 

increased. 

As   only  a  limited  quantity  of  one  body  is  undergoing 

change,  the  velocity-constant  of  the  reaction  should  be  found 

by  the  formula  deduced  for  such  cases  from  the  law  of  mass- 

I  A 

action',  viz.  ^  =  ^  log  .  ^     where  A  =  number  of  equivalents 

of  methylic  acetate  originally  present,  and  x  =  number  of 
equivalents  changed  in  time  6.  The  velocity-constants  of 
about  30  acids  have  been  determined  by  Ostwald,  and  from 
these  the  affinity-constants  have  been  calculated  in  terms  of 
hydrochloric  acid  as  unity ;  the  results  agree  very  fairly  well 
with  those  previously  obtained ;  in  the  cases  of  weak  acids 
the  values  found  by  the  methyl  acetate  method  are  con- 
siderably larger  than  those  deduced  from  the  observations 
with  acetamide. 
217  The  inversion  of  cane-sugar  by  means  of  acids  in  dilute 
solution  has  been  used  by  Ostwald  as  a  third  process  whereby 
values  may  be  found  for  the  affinities  of  various  acids'; 

C„H„0„  +  H.0  =  2C,H„0^ 

The  velocity  of  the  change  was  determined  by  measuring 
the  amount  of  inverted  sugar  by  means  of  Fehling's  solution. 
The  same  formula  was  employed  as  was  used  for  calculating 
the  velocity-constants  of  the  change  of  methylic  acetate  to 
alcohol  and  acid.  The  results  are  in  keeping  with  those 
formerly  obtained  ;  but  as  the  inversion-process  is  more  free 
from  secondary  reactions  than  either  the  acetamide-process  or 
the  methyl  acetate  process,  the  values  found  for  the  affinities 
of  the  acids  by  the  first-named  method  are  to  be  preferred  to 
those  obtained  by  the  other  methods. 


*  y./iirprakt,  Chemie,  (3).  88.  449;  or  Lehrhuch^  2.  803. 

•  See  par.  1 74. 

'  Lehrbuch^  S.  810. 
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18  Some  other  reactions  in  which  acids  take  part  have  been 
examined  by  Ostwald  with  the  view  of  determining  whether 
the  reactions  arc  quantitatively  conditioned  by  the  affinities  of 
the  acids. 

Ammonia  solution  reacts  with  bromine  to  form  nitrogen 
and  hydrobromic  acid ;  if  an  acid  is  present,  an  ammonium 
salt  is  produced  and  the  change  proceeds  more  slowly, 
Ostwald'  has  shewn  thai  the  stronger  acids  retard  this 
change  more  than  the  weaker  acids,  and  that  the  times  re- 
quired for  a  definite  amount  of  the  change  to  be  accomphshcd 
varj-  approximately  inversely  as  the  affinities  of  the  acids. 

In  another  memoir',  Ostwald  has  examined  various  cases 
of  oxidation  and  reduction  occurring  in  presence  of  free  acids 
and  has  shewn  that  these  are  retarded  to  an  amount  propor- 
tional to  the  affinities  of  the  acids.  The  reactions  examined 
were,  firstly,  that  occurring  between  bromic  and  hydrlodic 
acids,  HRrO,Aq  +  6HIAq  =  HBrAq  +  3H,0  +  6IAq— the  re- 
tarding eflects  of  about  a  dozen  acids  being  measured — and, 
secondly,  that  occurring  between  chromic  acid  and  iodine, 

2CrO,Aq  +  6H I  Aq  =  2CrO,H,  +  61  Aq. 

The  change  which  occurs  when  solid  calcium  oxalate  reacts 
||th  various  acids  to  produce  a  soluble  calcium  salt  and  oxalic 

I  has  also  been  examined  by  Ostwald'.     The  amount  of 
pnge  which  has  occurred  when  equilibrium  is  established 

tends  on  the  affinities  of  the  acids  employed', 
I A  few  determinations  have  been  made  of  the  velocity- 
■stants   of    reactions    brought    about   by   bases.      Warder 

istircd  the  velocity  of  the  saponification  of  cthyjic  acetate 


•  Ztitl.  JUr physiti^.  Chtmir.i.  114. 

}  ibid.  S.  117  ;  see  also  llurchard,  Ztils.  fiir  {■hysikal.  ClitmU.  S.  796. 
f  Lthrhurhi  3.  793. 

i  Other  pnicesses  have  Iwen  employed  for  delermining  the  distriliulion  of  ihe 

\  lyslcm  when  equilibrium  results,  or  when  n  cennin  amount  of 

iccn  aceomplishcd ;   among  the  more   importanl  of  these  are  the 

ItinciKc  melhod.  e.g.  mtasuremcTils  of  amouni  of  FeCI,  changeil  to  Fe(SCy), 

unlng  with   KSCyAq  (Gladstone,   Phil.   Mag,   (4).   B.   5jj);    uiil  optical 

y&i,  opedally  that  founded  on  mcnsuremenlsofrolaloiri  po^ti  1.w.«ti'^\sKvi 

,,  Ttohi.  fi-iynt  iriih  Aiad.U.  %^\). 

■n—1. 
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Rckher  extended  the  method  to  potash,  lime,  and 
■  bases*.     Ostwald  has  appHed  the  same  process  to 
substituted  ammonias,  and  substituted  ammoniums'. 
i  can  be  regarded  only  as  a  starting-point  for  further 
ins.     But  wc  shall  see  that  the  electrical  method  of 
1  is  to  be  preferred  to  that  based  on  the  saponifica- 
ercal  .salts. 

is   then   a   large    amount   of   evidence   in   favour 
ilemcnt    that    many   different    reactions   of   acids 
talivcly  conditioned   by  certain   coefficients  which 
i]y,'  on  the  constitution  of  the  acids,  and  the  dt- 
lution,  and   are  independent  of  the  nature  of  the 
reaction.     These   coefficients,  or   affinit>'-constants, 
termiiicd   by  different  methods.     Of  the  methods 
have  considered,  the  most  trustworthy  are  (i)  that 
the   inversiun   of  caiie-sutjar,  (3)   that  wherein  the 
mclliylic  ;uTt.Ltr  iiilo  :i\a.Uu\  ;nu!  iicid  i,  mc,.>m-.l, 
111  li  ri--.!-.  i-n  dLifrniiD.iiinii'  of  the  c1i,uil;i-'  uCillm- 
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Relative  Affinities  of  Acids.    (Ostwald.) 


^, 

II 

III 

diviiim  of 

methyl 

bate 

Acid 

>c<Umid< 

1-0  acid! 

Hydrochloric 

100 

100 

100 

98 

Hydrobromic 

103-5 

991 

98 

98-1 

Nitric 

9S7 

98 

100 

Chloric 

97-2 

Sulphuric 

732 

■[.Sill 

65-4 

66 

Methane  aul phonic 

10037 

Elhanc  sulphonic 

99'33 

Propane  sulphonic 

98-98 

Isobulane  sulphonic 

9853 

Pemanc  sulphonic 

97-82 

Hexane  sulphonic 

95  4 

9894 

Uethionic 

9S'9 

9887 

Beniene  sulphonic 

9954 

Formic 

13-4 

11-49 

5 

39 

Acetic 

6-32 

5-87 

2*34 

'■23 

Propionic 

5-51 

iXH 

Butyric 

S'47 

09« 

Isobutyric 

579 

5-.8 

0-91 

Monochloracetic 

22 

2o8 

'3 

7 

Uichloracetic 

52-[ 

48 

40-8 

33 

Trichloracetic 

86-8 

8r6 

80 

80 

Glycollic 

n-4 

Diglycollic 

16-3 

— 

— 

_. 

Lactic 

103 

949 

5 

33 

Methoxyacelic 

'35 

Ethoxy  acetic 

11-7 

Methoxy  propionic 

11-8 

Hydroxyisobutyric 

103 

9'6o 

Trichloto  lactic 

26-3 

Pyrtivic 

2S'5 

259 

Oxalic 

43 

43 

22-6 

Malonic 

'7'5 

16-9 

Glyceric 

131 

_ 

_ 

Succinic 

7-38 

7-04 

2'5 

'■45 

Malic 

113 

1086 

47 

2-82 

Tartaric 

15-15 

7"5 

S'2 

Pyrotartaric 

10-3 

Racemic 

15-1; 

Citric 

131 

11-79 

4 

Phosphoric 

249 

_ 

Arsenic 

21-9 

^ 

— 

'  The  affinily  of  sulphuric  acid  appears  less  than  Ihil  or  its  derivalives  obliined 
by  replacing  hydrogen  by  intiOtr.iit,  .ir  i-v.n  l..,-i, ,  r.i.lirK',.  But  fl  is  to  be  noted 
that  )  H^Oj  is  compared  w-illi  sO;  Oil  l.HHj  .■.  r.  1 1  molecular  quantities  are 
to  be  compared,  the  nliseri'cd  n<jm)>crs  for  nilphoric  acid  r 
doubUdi  if  this  ii  done  the  affiuity  of  Mlphuric  acid  ti  104-36. 
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■ 

^^p        Acid. 

Cntuiuclivilits, 

Methylic  aeitaU     Invtrsion  0/                  . 

fiitctian.               su^ar.                     J 

'          Hydrochloric 

100 

■ 

Hydrobromic 

101-1 

98                     ..I                          I 

Nitric 

9Q-6 

1 

79-9 

93                     gr                           \ 

Iselhionic 

77-8 

<J3                     92                           1 

licniene  sulphon 

7A-8 

99                    '04                         J 

_      Sulphuric 

6j'. 

^^J 

^k      Formic 

I '68 

^^H 

^a     Acelic 

1-4:4 

^^H 

H     Monochloracctic 

49 

^^m 

H      Dichloracetic 

25-3 

13-0                   37-1                       1 

H     Trichloracclic 

ti-i 

6S-1                   75-4 

^  Glycollic 

f-M 

-                     '3' 

^Koietbyl  glycollic 

176 

1-82 

^^Ethyl  glyccllic 

i-jo 

—                      1-37 

^^Biglycollic 

rsS 

-                     2-67 

^■^pionic 

0-325 

0'304                 — 

^K^cltc 

1-04 

09                     1-07 

^^H)xy  propi  on  ic 

o-6o6 

—                     0-8 

^^HCly  eerie 

tS7 

-                      172 

^^  Pyruvic 

S-6o 

670                   6-49 

Butyric 

0-3,6 

03                     _ 

0-3 '1 

0268                 0-335 

Oxyisobu  lyric 

1-24 

0-9;                   1  -06 

Oxalic 

■97 

17*6                   18-6 

Malonic 

3' 

387                     j-o8 

Succinic 

o-s8> 

0-5                       0-55 

Malic 

r34 

i-[B                     1-27 

Tartaric 

2-28 

2'30                        ~ 

Racemic 

2-63 

2-30                   — 

Pyrotartaric 

I'oS 

I '07 

Ciiric 

J  ■66 

1-63                   173 

Phosphoric 

7'27 

—                     6-1 1 

Arsenic 

s'ja 

-                     4'8i 

The  agreement  between  the  values  in  the  three  columns             ] 

for  these  acids  shews  that  there  i 

s  a  close  parallelism  between             J 

the  electrical  conductivities  am 

the  affinities  of  the  acids.             1 

The  three  sets 

of  values  were  not  all  determined  for  equal             J 

dilutions  of  the 

acids  used  ;  hence  the  first  t^ucstion  to  ti^            ■ 

considered    in    i 

nquiring    more 

c\o5e\y   mXo  liic   iLo'i\v\£Y;\o'i\ 
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ri;rv*;rir.  tJre  ^leicr-ral  crccuctf'.-itfes  and  the  afnnities  of  acids 
ii^ .  biTT  irt  the  ricc-ctfvities  c-xiincd  bv  dilution  ? 

It  iiLili-T:^  -F-'th  th:5  rwbjezt.  Ostwald  determines  the  mole- 
.•a."r*  .vt/icrzrr.-iLV  :•:  ihe  ^dds  examined. 

Lee  iJ:^!  --—Ser  :f  rra^s  cf  an  acid  which  is  equal  to  the 
Tzzl-z-rj-js  -r-e:;p:i  :-f  the  arfi  ^dissolved  in  water,  and  let  this 
5»:i-r :-  re  rlir=-i  ir.  i  vessel  the  oarallel  5:des  of  which  are 
f:r=t'=-i  :f  :r_-rJtt  elertrcoe?  placed  i  centim.  apart :  then  the 
ei-frtricil  rj-'i-irtiTity  cz  this  s>-5tcm,  expressed  in  Ohms  or 
-r  =  irr-r."  urJt^.  is  iec:r.ei  to  be  the  m:l^cular  ci'nductivity  oj 
:}j  i-.'-.T-  "t.-.  The  rtcIe'ru'.jLr  o?cduct:V[t\-  exoresses  the 
•^.irrr."  :•:  elfctr:c:t%~  Trh:ch  :>  cc»nveyed  across  the  elect ro- 
>.^f  :t  :  fer:oi  t. he:::  the  ditferer.ce  of  pi:?ter.t:al  beri^^een  the 
t!frtr:»ifs  *:?  :  t:>  :  irisrn uch  as  each  ion  carries  the  same 
^uj-ttir."  ::"  c'^rtr'r'r--  ^~:th  :t.  the  cuantit\-  carried  across  the 
ili'— r:!;.-:t  rt-iSMr*?  the  nuctber  of  molecules  which  sutfer 
i-^rtr :".-?:<  :r.  the  rr:cess.  If  u  =  mo:ezu'ar  conductivity, 
i~i  \  =  e'e-rr^^rjl  crr.curtf^-itv  as  ordir.arilv  denned  (in 
r~.:rr^r]i-  --.:s  th--r.  -=  rr'tV  where  ir  =  number  of  litres  to 
T-h\:h   tht  r*.> -ic^Iir  wif^ht  oi  the  acid  taken  in  crams  is 

The  rr:>--:.ir  c:r.  duct  {-.-'ties  of  s.y*ut:ons  of  acids  van* 
^rx'j.:'y  v  :'-  i  "utirr.  T:i;s  statement  rests  on  the  cxpc- 
rl~:;:r:s  :f  Arrhcrius.  Kohlrausch.  and  others.  Considering 
rrst.  the  r.::r:rjj?:c  aciis,  <>>:wa*.d  has  arri\xd  at  the  /eiu'  of 
.:':-a.-.v:  '". -^  v:."i.-t-V-v  jrszJ^.  This  law  states  that  f/it  Jilu- 
::.":s  .::  :.  '.v;  : -c  *\\\\riJ:r  vvr.Vi^vr:  :.*;Vj  t^f  w.^wr^isu'  acids 
■:x':::::  sV"..:/  ::;-Vi-j  .v.r'  .r  /.••:/*./•:.*  n\\2:L'fi  A^  e\7j/:  cff'wr.  For 
:r.st.\r.ce  the  no'.ocu'ar  conductivity  of  monochloracetic  acid 
at  anv  c:*.u::on  :s  ecual  to  that  of  formic  acid  when  the  latter 
IS  lo  :::r.es  rr.ore  d:!-tc  thin  the  former,  and  is  ecual  to  that 
v:f  but>T:c  acid  wher.  :hc  latter  is  256  times  more  dilute  than 
the  moroch'.cncetic  .icid. 

The  following  tab.e  exhibits  some  of  the  data  on  which 
this  statement  rests.  Dilution  is  stated  in  litres:  it  is  ex- 
pressed by  means  of  the  exponent  /,  which  is  defined  by  the 

*  Ukrimch^  IL  S25— ^38;  or  PktL  Ma^,  Ai^.  i9^.  104. 
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relation,  dilution  =  2*.  The  conductivities  are  here  expressed 
in  terms  of  an  arbitrary  unit  which  is  4*248  times  greater 
than  the  mercury  unit.  The  measurements  have  been  ex- 
tended to  nearly  100  monobasic  acids;  all  obey  the  law. 

The  conductivities  of  the  stronger  monobasic  acids  HCl, 
HBr,  HI,  HNO,,  HCIO,,  &c  nearly  reach  their  maxima  in 
moderately  dilute  solutions;  hence  the  conductivities  of  these 
acids  vary  but  little  with  dilution.     The  conductivities  of  the 
weaker  monobasic  acids,  on  the  other  hand,  increase  largely 
as  dilution  increases;   the   rate  of  this  increase  varies;  the 
weaker  the  acid,  and  therefore  the  smaller  the  conductivity, 
the  greater,  as  a  rule,  is  the  increase  for  a  given  dilution. 
The  molecular  conductivities  of  the  stronger  monobasic  acids 
reach  a  maximum  equal  to  about  400  in  mercury  units,  at  a 
moderate  dilution;  the  conductivities  of  the  weaker  acids  also 
reach  a  maximum  in  very  dilute  solutions,  but  this  maximum 
is  not  quite  the  same   for  all  monobasic  acids \     This  fact 
opens  a  new  inquiry;  if  there  is  a  close  parallelism  between 
the  chemical  reaction-velocities,  and  therefore  the  affinities,  of 
acids  and  the  electrical  conductivities  of  these  acids,  does  this 
parallelism  hold  between  the  affinities  and  the  maximum  con- 
ductivities, or  between  the  affinities  and  the  conductivities  at 
varying  dilutions  stated  with  reference  to  the  maximum  values.^ 
For  instance :  the  maximum  conductivities  of  hydrochloric 
hydrobromic,  and   hydriodic,  acid   are  practically  identical, 
viz.  400  (in  mercury  units);  the  maximum  conductivities  of 
ethane  sulphonic  and  methane  sulphonic  acids  are  identical, 
viz.    368 ;    the    maximum    conductivities   of  isobutane  sul- 
phonic and  benzene  sulphonic  acids  are  identical,  viz.  356; 
moreover  the  rate   at   which   the   conductivities  increase  as 
dilution  increases,  stated  in  terms  of  the  maximum  conduc- 
tivities, is  practically  identical  in  these  three  groups  of  acids. 
Now  if  the  reaction-velocities  of  all  the  acids  in  any  one  of 
the  groups  arc  the  same,  but  if  this  number  is  different  from 
the  value  for  any  other  of  the  three  groups,  we  must  conclude 
that  the  parallelism  between  conductivity  and  affinity  holds 

^  Ostwald,  Ztitsckr,  fiir  pkysikal,  Chtmit^  1.  74  and  97. 
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good  between  maximum  conductivity  and  affinity,  on  the 
other  hand  if  the  reaction-velocities  of  all  the  acids  in  the 
different  groups  are  the  same,  we  must  conclude  that  the 
paralleiism  holds  good  between  affinity  and  the  relative  con- 
ductivities at  varying  dilutions  stated  with  reference  to  the 
maximum  conductivities.  Should  it  appear  that  affinity  is 
closely  connected  with  maximum  conductivity,  it  will  only 
be  necessary  to  determine  the  conductivity  of  an  acid  in  a 
dilute  solution  in  order  to  find  its  affinity;  but  should  it  appear 
that  affinity  and  rate  of  increase  of  conductivity,  relatively 
to  maximum  conductivity,  are  closely  connected,  it  will  be 
necessary  to  determine  the  conductivity  of  an  acid  at  varying 
dilutions  until  the  maximum  conductivity  is  reached,  before 
an  approximate  value  is  found  for  its  affinity. 

The  following  numbers  shew  that  affinity  is  closely 
connected  with  relative  conductivity  and  not  only  with  maxi- 
mum conductivity':— 


Rtattion-velodty. 

M.J-V. 
H.  Conducltvity. 

Acid.            Mtlkylic  acita 

e.  Sugar-invtfsi 

Hydrochloric 

24- 11 

21-87 

401 

237 

24-38 

403 

Hydriodic 

3333 

— 

401 

24JO 

— 

368 

Ethane  sulphonic 

23-80 

2344 

367 

Isobutanc  sulphonic 

23-41 

— 

35S 

Benzene  sulphonic 

23-94 

23-82 

358 

S-35 


The  acids  have  practically  identical  reaction-velocities;  the 
rate  at  which  their  conductivities  increase  as  dilution  increases 
is  practically  the  same,  but  their  maximum  conductivities  are 
different 

In  order  to  arrive  at  exact  determinations  of  the  affinities 
of  monobasic  acids  by  the  electrical  method,  it  is  therefore 
ncccssarj'  to  measure  the  conductivities  of  these  acids  in 
solutions  of  increasing  dilution  until  the  maximum  value  is 
obtained.  But  it  is  extremely  difficult  to  do  this  ;  indeed  the 
maximum  conductivity  of  a  weak  acid   cannot  be  directly 

'  ClB-iW,  Zeil3.!ir./i.rphyiikal.  C/iCHiif.V  i». 
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determined,  because  at  great  dilutions  the  impurities  in  the 
water  affect  the  result  more  than  the  minute  trace  of  acid 
present. 

Ostwald*  has  examined  the.  conductivities  of  weak  mono- 
basic acids  in  dilute  solutions.  The  starting-point  is  the 
generalisation  made  by  Kohlrausch',  to  the  effect  that  the 
electrical  conductivity  of  a  salt  of  a  strong  monobasic  acid 
is  the  surti  of  two  constants,  one  of  which  depends  entirely  on 
the  nature  of  the  acid,  and  the  other  entirely  on  the  nature 
of  the  base.  Ostwald's  researches  shew  that  the  difference 
between  the  conductivity  of  a  strong  monobasic  acid  and 
that  of  its  sodium  salt  is  approximately  a  constant,  and 
that  this  value  becomes  more  nearly  constant  as  the  maxi- 
mum conductivity  is  more  nearly  approached.  Hence,  he 
concludes,  that  the  difference  in  question  has  a  constant  value 
when  maximum  conductivity  is  reached.  Similarly  the  dif- 
ference between  the  conductivity  of  a  strong  monobasic  acid 
and  its  potassium  salt  is  expressed  by  a  constant,  while 
another  constant  expresses  the  difference  when  a  lithium 
salt  is  -used.  Further,  if  the  conductivities  of  solutions  of  a 
series  of  sodium  salts  of  strong  monobasic  acids  are  compared 
with  those  of  a  series  of  potassium  salts,  there  is  found  to  be 
a  constant  difference  ;  e.g.  the  conductivity  of  the  lithium  salt 
is  always  approximately  97  units  less  than  that  of  the  sodium 
salt,  and  that  of  the  potassium  salt  is  always  approximately 
2ri  units  less  than  that  of  the  sodium  salt.  The  conduc- 
tivity of  an  alkali  salt  of  a  strong  monobasic  acid  is  therefore 
the  sum  of  two  constants,  one  of  which  belongs  to  the  acid 
and  the  other  to  the  base ;  Kohlrausch's  generalisation  is  fully 
confirmed  for  the  alkali  salts  of  strong  monobasic  acids.  The 
constant  expressing  the  influence  of  the  base  may  be  found 
by  subtracting  the  maximum  conductivity  of  the  strong  acid 
from  that  of  its  normal  salt  with  the  base  in  question. 
225        In  a  more  recent  paper',  Ostwald  develops  the  application 


*  Zeitschr,fur  physikaL  Chanie^  1.  78,  and  97. 
'  IVied,  Ann,  6.  167. 

*  Ostwald,  he,  cU,  %,  840. 
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of  the  law  of  Kohlrausch.  Kohlrausch's  law  may  be  put  in 
this  form ; 

where  ^  =  conductivity,  «  =  velocity  of  transference  of  one 
ion,  f  =  velocity  of  transference  of  the  other  ion,  and  *  = 
fraction  of  the  total  mass  of  electrolyte  that  is  dissociated  in 
the  solution  undergoing  electrolysis.  This  way  of  stating  the 
law  rests  partly  upon  the  hypothesis  which  Arrhenius  has 
developed  from  van't  Hoff's  law  of  osmotic  pressure,  viz.  that 
some  of  iho  molecules  of  an  electrolyte  in  solution  are  disso- 
ciated into  their  ions,  and  that  the  greater  the  number  of 
dissociated  molecules  the  greater  is  the  conductivity  of  the 
electrolyte  (v.post,  par,  235).  Electrolytic  conductivity,  then, 
seems  to  depend  upon  (I)  the  amount  of  dissociation,  and  {2) 
the  velocities  of  motion  of  the  ions  into  which  the  molecules  of 
the  electrolyte  are  dissociated.  The  conductivity  of  a  binary 
electrolyte  at  infinite  dilution  may  be  stated  as  fi  =  H-{-v. 
Kohlrausch'  has  shewn  that  the  conductivities  of  solutions  of 
sodium  chloride,  potassium  iodide,  and  similar  salts,  prac- 
tically reach  their  limiting  values  at  a  dilution  of  about  5000 
litres:  knowing  then  die  maximum  conductivity  of  one  of 
these  salts  in  solution,  the  velocity  of  transference  of  each  ion 
can  be  found,  provided  we  know  the  ratio  of  the  velocities  of 
the  two  ions  [for  the  maximum  conductivity  is  equal  to  the 
sum  of  the  two  velocities).  The  ratio  in  question  can  be 
determined  from  ob.servations  of  the  variations  of  concentra- 
tion of  the  solution  during  electrolysis.  In  the  case  of  potas- 
sium chloride  the  mean  value  of  the  ratio  -  is  ■94;  the  maxi- 
mum molecular  conductivity  of  the  salt  at  25"  is  140'3 
in  mercury  units'.  Hence  the  velocities  of  the  ions,  stated  in 
corresponding  values,  are 

A"  =  67-9i  01  =  724. 
Similarly,  values  are  obtained  for  the  vclixrities  of  the  ions 


I    fCiW,  j4nn.M.  198. 

"  Koft/rausch,  /i'i-g.  Am 
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m   nitrate,  sodium  chloride,  and  sodium  nitrate; 
alucs  are  as  rollows: — 

=  67-9;  \0,=  68-i;  Na  =  44-S;  01  =  73-5. 
icaii  value  for  the  velocity  of  hydrogen  as  an  ion, 
kcs  the  number  3205  at  25° ;  this  value  may  require 
ivhat  altered. 

.'going  treatment  of  the  law  of  Kohlrausch  furnishes 
111  a  means  for  finding  the  maximum  conductivity 
lasic  acid.     Let  .-1/=  maximum  conductivity  of  the 
^  maximum  conductivity  of  the  sodium  salt  of  the, 
Li  ^  44'5  +  »i,  where  m  is  the  velocity  of  transference 
live  ion,  44'5  being  the  velocity  of  the  positive  ion, 
,     Then  as  the  positive  ion  of  the  acid  is  hydrogen, 
velocity  of  this  ion  is  320'5,  we  have 
/■=320'5  +«/;  and  therefore  ^7=^  +  276. 
r  wnrds;  tn  fiiul   llic  maximum  cnnduirtixityif  ,1 

ii.id,    in    mercury   units  at    2-^  .  add    2;'",    lu  ilic 
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1  In  this  tabic  v  =  dilution  in  litres,  /i  =  conductivity  in  mer- 
JEury  units  at  25',  rf=difiercnce  between  observed  and  maxi- 
mum conductivity,  and  a  =  276  +  d,  in  other  words  a  =  number 
to  be  added  to  conductivity  of  sodium  salt  at  stated  dilution 
to  obtain  the  maximum  conductivity  of  the  acid. 

In  using  this  table  it  is  assumed  tliat  the  acid  is  mono- 
basic. This  assumption  can  be  tested  by  finding  whether  the 
increase  in  molecular  conductivity  is  approximately  10  units, 
when  dilution  is  increased  from  32  to  1024  litres;  if  the  acid 
is  «-bas!C  the  increase  will  be  approximately  « .  10  units. 

The  results  embodied  in  the  preceding  table  may  be  used 
to  determine  the  velocity  of  transference  of  the  negative  ions 
of  monobasic  acids.  The  method  consists  in  determining  the 
conductivity  of  the  sodium  salt  of  the  given  acid  for  a  stated 
dilution;  then  adding  the  number  required  to  give  the  maxi- 
mum conductivity  of  the  salt  {d  in  the  table);  and  finally 
deducting  44'5  (the  velocity  of  sodium  as  an  ion)  from  the 
resuh-  The  following  table  gives  Ostwald's  results  in  more 
convenient  form:  i'  =  dilution  in  litres,  and  5  =  numbers  to  be 
deducted  from  molecular  conductivity  of  sodium  salt  at  dilu- 
tion i;  in  order  to  get  the  velocity  of  transference  of  the 
negative  ion;— 


256 


366 


4'S 


36  The  research,  of  which  a  condensed  account  is  given 
in  the  preceding  paragraph,  furnishes  a  method  for  finding 
the  maximum  molecular  conductivity  of  a  monobasic  acid  from 
observations  of  the  conductivity  of  its  sodium  salt  at  stated 
dilutions.  The  further  development  of  the  method  of  Ostwald 
(/('f.  (il.)  makes  it  probable  that  the  maximum  conductivity 
of  some  acids  may  be  calculated  from  a  knowledge  of  their 
composition  alone.  Ostwald'  calculates  the  velocities  of  the 
negative  ions  of  44  monobasic  acids  of  ver>-  different  com- 
position; from  the  results  so  obtained  he  draws  conclusions 
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regarding  the  connexions  between  the  composition  and  the 
velocities  of  transference  of  these  ions.  These  conclusions  are: 
(i)  isomeric  ions  travel  with  equal,  or  almost  equal,  velocities; 
(2)  as  the  number  of  atoms  forming  the  negative  ions  increases 
the  velocity  of  transference  of  the  ions  decreases;  (3)  the 
substitution  of  one  atom  by  another  influences  the  velocity 
with  which  the  ion  travels,  e.g.  the  velocity  is  decreased  by 
substituting  chlorine,  or  hydroxyl,  for  hydrogen,  but  this  effect 
is  marked  only  in  the  comparatively  simple  ions;  (4)  when  the 
number  of  atoms  forming  the  negative  ions  is  more  than  about 
1 2,  the  velocities  of  these  ions  seem  to  depend  almost  entirely 
on  the  number,  and  not  at  all,  or  hardly  at  all,  on  the  nature, 
of  the  atoms.  If  the  number  of  atoms  in  various  negative 
ions  is  taken  as  abscissae,  and  the  velocity  of  transference  as 
ordinates,  an  asymptotic  curve  is  obtained  running  convex  to 
the  abscissae- axis,  from  which  the  velocity  of  ions  formed  of 
more  than  about  12  atoms  can  be  calculated,  from  the  com- 
position of  these  ions,  to  within  ±  i  to  2  units,  without  any 
measurements  of  conductivity.  Hence  it  becomes  possible 
to  find  the  maximum  conductivity  of  a  monobasic  acid  the 
negative  ion  of  which  is  composed  of  not  less  than  about  12 
atoms,  from  the  composition  of  the  acid  alone. 
227  The  relations  between  the  electrical  conductivities  and 
the  dilution  of  polybasic  acids  differ  from  those  established  for 
the  monobasic  acids.  The  polybasic  acids  conduct  as  if  they 
were  first  of  all  separated  into  hydrogen  and  a  radicle  con- 
taining replaceable  hydrogen,  then,  as  dilution  increases,  into 
hydrogen  and  a  radicle  containing  less  replaceable  hydrc^en, 
and  finally  into  hydrogen  and  the  acidic  radicle  containing  no 
replaceable  hydrogen*.  In  other  words:  a  dibasic  acid  con- 
ducts at  first  as  if  the  ions  were  H  and  HR,  but  on  further 
dilution  the  ions  become  //,  and  R\  so  the  stages  which  can 
be  distinguished  in  the  conduction  of  a  solution  of  a  tribasic 
acid  as  dilution  increases  are  three,  the  ions  being  (i)  //and 
H^R,  (2)  H^  and  HR,  and  (3)  //,  and  R, 

When  polybasic  acids  form  unstable  and  easily  decom- 

^  Ostwald,  Lehrbiuh,  8.  831  et  j/y.,  (or  Phil.  Mag.  August,  1886). 
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icd  normal  salts,  e.g.  selenious  acid  or  phosphoric  acid,  the 
tcUeu/ar  conductivities  of  these  adds  follow  nearly  the  same 
course,  as  dilution  increases,  as  the  monobasic  acids.  In  the 
following  table  the  molecular  conductivities  of  selenious  and 
monochloracctic  acids  are  placed  side  by  side;  dilution  is 
stated  in  litres. 


l.SeO, 

CHaCI.COjH 

Dil. 

HjSeOj 

CHjCI.COjH 

32-5 

21-2 

2S6 

19' 

161 

41 '4 

297 

5T2 

13' 

'99 

53'S 

405 

1024 

267 

236 

703 

54-6 

2048 

195 

270 

923 

73-4 

4096 

313 

'54 


126 


I  The  relations  between  the  dilution  and  the  moUnilar  con- 
Ictivities  of  the  polybasic  acids  which  form  stable  normal 
Bts  with  neutral  reaction  are   different  from  those  just  de- 
fibed.    The  mokcular  conductivities  of  the  stronger  dibasic 
pds  of  this  class  increase  until  a  value  is  reached  about  the 
me  as  that  for  the  stronger  monobasic  acids;  at  about  this 
pint  the  second  replaceable  hydrogen  atom  appears  to  take 
I  the  conduction,  the  ions  are  now  probably  H^  and  R 
conductivity    increases   as   dilution    increases,   until    it 
reaches  a  maximum.     The  following  numbers  give  the  mole- 
cular  conductivities   of   oxalic    acid,    sulphuric    acid,    and 
methane  disulphonic  acid.    Dilution  is  stated  in  litres. 

Dil.  H,C,0,  HjSO,  CH,(SOjH),. 

3  '2o  394  S"^ 

4  152  410  622 

B  ig7  428  651 

15         224         4S6         674 
^2         2fii         494         694 


4096 
M.C. 
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Oxalic  acid  reaches  the  maximum  of  the  strong  monobasic 
acids  at  about  the  dilution  of  512  litres,  sulphuric  acid  has 
reached  this  maximum  at  2  litres,  while  the  molecular  con- 
ductivity of  methane  sulphonic  acid,  which  is  a  very  strong 
acid,  is  much  greater  even  at  2  litres  than  the  maximum 
value  for  the  strong  monobasic  acids.  Of  the  three  acids  here 
considered,  the  weakest  is  oxalic,  and  the  strongest  is  methane 
sulphonic ;  the  changes  in  the  conductivity  of  oxalic  acid  as 
dilution  increases  follows  a  course  somewhat  similar  to  that 
noticed  in  the  case  of  a  fairly  strong  monobasic  acid,  say 
dichloracetic  acid,  until  a  dilution  of  512  litres  or  so  is  reached, 
after  which  the  second  replaceable  atom  of  hydrogen  probably 
begins  to  be  separated  and  the  electrolysis  proceeds  according 
to  the  scheme  H^  +  R.  The  molecular  conductivities  of 
dichloracetic  acid  are  given  in  order  that  they  may  be  com- 
pared with  those  of  oxalic  acid : — 


Di7. 

CHClj.COg 

H 

DtZ 

CHCl^.COjH 

Dt7. 

CHClj.COjH 

2 

109 

32 

256 

512 

339 

4 

146 

64 

286 

1024 

342 

8 

183 

128 

308 

2048 

343 

16 

222 

256 

324 

The  changes  in  the  molecular  conductivity  of  sulphuric 
acid  as  dilution  increases  cannot  be  compared  strictly  with 
the  changes  of  conductivity  of  a  monobasic  acid ;  some  of 
the  second  replaceable  hydrogen  atoms  are  probably  sepa- 
rated even  in  solutions  so  concentrated  as  4  litres,  and  con- 
ductivity continues  to  increase  until  a  maximum  is  reached 
which  is  approximately  double  that  of  the  stronger  mono- 
basic acids;  but  the  influence  of  either  replaceable  atom  of 
hydrogen  cannot  be  wholly  separated  from  the  influence  of 
the  other.  If  the  equivalent  conductivities  of  sulphuric  acid — 
obtained  by  dividing  the  molecular  conductivities  by  two, — 
are  compared  with  those  of  a  monobasic  acid  there  is  still 
a  marked  difference  in  the  relations  between  conductivity  and 
dilution  in  the  two  cases. 

Methane  sulphonic  acid  is  a  decidedly  stronger  acid  than 
sulphuric;  in  this  case  dilution  influences  the  equivalent  con- 
ductivity  (i.e.   molecular    conductivity  divided  by  two)   in 
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much  the  same  way  as  it  aflfects  the  conductivity  of  a  strong 
monobasic  acid.  The  numbers  for  nitric  acid  are  given,  and 
beside  them  arc  placed  the  equivaknt  coiiductivitfes  of 
methane  sulphonic  acid: — 

3  331  28s  3»  367  347  S"  377  376 

4  342  31 1  64  371  356  1014  378  378 

8  352  326  12a  375  364  3048  37S  380 

16  36'  337  J;6  376  370  4096  —  378 

The  behaviour  of  tribasic  adds  resembles  that  of  dibasic 
acids.  Phosphoric  acid,  for  instance,  resembles  dichloracetic 
acid;  dilution  increases  the  molecular  conductivity  from  I31 
at  2  litres,  to  293  at  G4  litres,  and  345  at  2048  litres.  The 
maximum  of  a  fairly  strong  monobasic  acid  is  reached 
but  not  surpassed;  the  third  atom  of  replaceable  hydrogen 
probably  takes  very  little  part  in  the  electrolysis.  Strong 
tribasic  acids  would  probably  reach  a  maximum  conductivity 
approximately  equal  to  three  times  the  maximum  of  the 
strong  monobasic  acids,  and  the  equivalent  conductivities  of 
these  acids  would  probably  be  very  similar  to  the  molecular 
conductivities,  which  in  this  case  are  also  the  equivalent  con- 
ductivities, of  the  strong  monobasic  acids.  But  very  few 
tribasic  acids  have  yet  been  examined.     (See  also  par.  232.) 

The  researches  of  Kohlrausch  and  Ostwald'  have   esta- 
blished  a   connexion    between    the  molecular  conductivities 
t  bases  and  the  dilution  of  solutions  of  these  bases  similar  to 
that  which  exists  between  the  conductivities  and  the  dilution 
of  acids, 

Q        The  molecular  conductivities  of  the  strong  bases,  soda, 
potash,  lithia,  and  thallia,  increase  as  dilution  increases  in 

Hniuch  the  same  way  as  the  conductivities  of  the  strong  mono- 

^nosic  acids  increase;  the  maxima  for  the  bases  seem  to  be 

^■bout  3  of  those  for  the  acids. 

^^K  The  following  numbers*  shew  that  there  is  a  close  paral- 


■  Sm  Osiwald's  Ltkrhuik,  8.  %y^  and  88G. 
•  Oslwald,  Uhrbuik,  3,  Sjg. 
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lelism  between  the  electrical  conductivities  and  the  reaction- 
velocities  of  bases ;  the  reaction-velocities  were  determined  by 
observing  the  rate  of  saponification  of  ethylic  acetate  by  the 
different  bases;  the  numbers  are  stated  in  empirical  units  for 
convenience  sake. 


Saponification- 

Electrical 

Base. 

velocities. 

conductivities. 

Soda 

162 

161 

Potash 

161 

149 

Lithia 

16s 

142 

Thallia 

158 

156 

Ammonia 

•3 

4-8 

Methylamine 

19 

20'2 

Ethylamine 

19 

20*5 

Propylamine 

186 

i8'4 

Isobutylamine 

14-4 

15-2 

Amylamine 

1 85 

1 8-6 

Allylamine 

4 

6-9 

Dimethylamine 

22 

235 

Diethylamine 

26 

28-3 

Trimethylamine 

7*3 

97 

Triethylamine 

22 

20-2 

Piperidine 

27 

27 

Tetra-ethylammonium 

1      131 

128 

229  It  has  been  shewn  in  pars.  223  and  224  that  the 
affinities  of  acids  are  closely  connected  with  the  relative 
conductivities  of  these  acids  stated  in  terms  of  their  maxi- 
mum conductivities;  and  that  it  is  necessary  to  determine 
the  conductivities  of  acids  at  varying  dilutions,  until  the 
maximum  is  reached,  in  order  to  arrive  at  exact  measure- 
ments of  the  affinities  of  these  acids  by  the  electrical  method. 
Pars.  224  and  225  contain  an  account  of  Ostwald's  method 
for  finding  the  relative  and  maximum  conductivities  of  mono- 
basic acids. 

Let  us  now  see  how  the  results  thus  obtained  are  applied 
to  find  the  affinities  of  the  monobasic  acids.  Ostwalds 
treatment  of  this  subject'  is  based  on  the  extension  by 
Arrhenius  to  electrolytic  phenomena  of  van*t  Hoff's  law  of 

^  Zeitschr,  fur physikal.  Chemie^  i.  970. 
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osmotic  pressure  {v.  post  pars.  235,  237).  The  hypothesis  of 
Arrhentus  states  that  the  molecular  conductivity  of  an  electro- 
lyte in  solution  depends  on  the  number  of  molecules  of  the 
electrolyte  which  are  dissociated  into  their  ions,  and  on  the 
velocity  of  transference  of  these  ions.  The  differences  be- 
tween the  conductivities  of  different  acids  depend,  on  this 
hypothesis,  chiefly  on  differences  in  the  degrees  of  dissocia- 
tion of  the  molecules  of  these  acids.  At  infinite  dilution, 
all  the  molecules  of  the  electrolyte  are  supposed  to  be  dis- 
sociated into  their  ions. 

As  the  hypothesis  rests  on  the  identity  of  the  laws  ex- 
pressing gaseous  dissociation  and  dissociation  in  solution,  it 
follows  that  deductions  may  be  drawn  from  gaseous  dissocia- 
tion-phenomena and  applied  to  dissociations  in  solution.  Now 
if  a  gaseous  body  is  dissociated  into  two  gases,  temperature 
being  constant,  the  pressure  of  the  undissociated  portion,  /, 
bears  a  constant  relation  to  the  square  of  the  pressure  of  the  dis- 
sociated portion,  /,,  so  that  ^-j  =  c.     At  a  stated  temperature, 

the  pressure  of  a  gas  is  proportional  to  its  mass,  «,  and  in- 
versely proportional  to  the  volume, ;'.  But  van't  Hoff's  law 
of  osmotic  pressure  states  that  the  osmotic  pressure  of  an 
undissociated  compound  in  solution  is  equal  to  the  pressure 
which  the  same  mass  of  that  substance  would  exert  did 
it  exist  as  a  gas  occupying  the  same  volume  as  is  occupied 
by  the  solution  ;  hence  in  the  solution,  this  pressure,  p,  may 

be  put  as  proportional  to  _  ;  and   therefore   from   the  above 

m-      _ 
equation  — i=  C. 

Now  let  /*^  =  molecular  conductivity  of  a  binary  electro- 
lyte at  infinite  dilution,  and  let  /ip  =  molecular  conductivity 
of  volume  V  (i.e.  conductivity  of  v  litres  containing  one 
molecular  weight  in  grams  of  the  electrolyte) ;  then  (by  the 

hypothesis)  the  fraction  "-  expresses  the  portion  of  tlie  elec- 
trolyte whicli  is  dissociated  in  terms  of  the  total  wv^^s  qI  ^e 
electrolyte    taken    as    unity.      Putting    lK\s   (racxXoix    as    Uv 


L^ 


J 
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and  the   undissociated   portion  of  the  electrolyte  as  «,  we 
have 


/* 


00 


iiV 

Then  substituting  these  values  in  the  equation  — j  =  C,  we 
have 

This  equation  may  be  put  in  the  more  convenient  form 

— ir-^  =  C; 

where  w  =  ^—  ,  i.e.  the  molecular  conductivity  at  any  stated 

dilution  referred   to  the  maximum   molecular  conductivity. 

This  equation  states  that  j—  v  must  have  the  same  value 

tn 

for  all  dilutions  of  any  one  binary  electrolyte. 

I  —  tn 
Ostwald  has  proved  that  the  value  of  ——5-  ^  is  constant 

for  each  of  a  great  many  monobasic  acids^;  in  these  cases 
m  varied  from  7  to  76,  and  the  value  of  C  varied  for  different 
acids  from   129  to  15*3. 

Now  the  affinity  of  an  acid  is  a  number  which  quanti- 
tatively conditions  the  chemical  reactions  of  the  acid,  and  this 
number  is  nearly  proportional  to  the  electrical  conductivity 
of  the  acid  in  aqueous  solution.  The  value  of  the  affinity- 
coefficient  of  an  acid,  according  to  the  hypothesis  of  van't 
Hoff  and  Arrhenius,  depends  chiefly  upon  the  degree  of  dis- 
sociation of  that  acid,  for  the  greater  the  amount  of  dissocia- 
tion into  hydrogen  and  a  negative  ion  the  more  readily  will 
these  ions  enter  into  chemical  reactions;  and  inasmuch  as 
the  amount  of  dissociation  is  independent  of  the  nature  of 

m 

^  Ostwald  (loc,  cit*)  shews  how  the  application  of  corrections  for  the  changes 
in  molecular  volumes  and  in  viscosity  which  accompany  the  concentration  of 
solutions  of  binary  electrolytes,  brings  the  observed  values  of  C  yet  more  near  to 
absolute  constancy. 
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the  reactions  brought  about  by  the  acid,  it  follows  that  the 
affinity  of  an  acid  is  independent  of  the  nature  of  the  re- 
actions in  which  the  acid  takes  part. 

The  constant  obtained  by  applying  the  equation 

to  a  monobasic  acid,  represents  then  the  affinity  of  the  acid 
in  question. 

■jSection  II.  CpHiiexioiis  betxvcen  the  affinity-coefficients  and 
tlte  constitution  of  acids. 

lOstwald  has  shewn  that  the  affinity -coefficients  of  many 
mobasic  acids  are  very  nearly  proportional  to  their  mole- 
lar  electrical  conductivities  in  solution  staled  as  fractions 

■  the  maximum  conductivities.     This  statement  asserts  that 

pumber  can  be  found  for  each  acid  which  measures  its 
kdiness  to  conduct  electricity  in  solution,  and  also  its 
tdiness  to  take  part  in  chemical  reactions,  and  that  this 
mber  depends  only  on  the  nature  of  the  acid,  and  is  in- 
tendcnt  of  the  degree  of  dilution.     Put  into  the  form  of 

I  equation  by  which  the  number  in  question  can  be  deter- 
Ined,  the  statement  is 


I  being  the  conductivity  of  a  solution   of  one   molecular 
light  in  grams  in  v  litres  of  water,  and  /i^  being  the  maxi- 
bm  molecular  conductivity  at  infinite  dilution. 
1  In  applying  this  equation  to  the  measurement  of  affinities 
ncids,  Ostwald'  prefers  to  put  it  in  the  following  form  : 


I  K9migl.  Sd^AfiicktH  Gtsilhikaft  in-  WUitniihiijlm  ^lHa^^.-I■h3IIil<h*  Cl««f\, 
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values  for  strong  acids  and  large  values  for  weak  acids.  To 
avoid  small  fractions,  Ostwald  multiplies  w  by  lOO,  and  also  k 
by  ICO;  he  gives  values  for  loo^  at  dilutions  varying  from  8 
to  1024  litres,  and  finally  he  expresses  the  most  probable 
value  for  100^  as  K. 
231  Ostwald  has  determined  K  for  more  than  100  mono- 
basic acids.  The  following  are  selections  from  his  results  for 
various  series  of  acids. 

Acetic  Acids,  C^Hj^+i.COGH  and  their  Derivatives. 

Acid.  K. 

Formic  H.COOH  0214 

Acetic  CH3.COOH  0018 

Propionic  C2H5.COOH  '00134 

Butyric  C3H7.COOH  00149 

Isobutyric  CH  (CH3),.COOH  -00144 

Valeric  C4H,.C00H  00161 

Caproic  CjH,! .  COOH  -00145 

Monochloracetic  CHjCl.COOH  -155 

Dichloracetic  CHClj.CGGH  5-14 

Trichloracetic  CCI3.COOH  121  • 

Monobromacetic  CHjBr.COOH  -138 

Cyanacetic  CHjCy .  COOH  -37 

Sulphocyanacetic  CHjSCy.COOH  -265 

Isosulphocyanacetic'  C3H3O2SN  -000024 

Carbaminthioglycollic*  CHj (SCONH^) .  COOH  -0246 

Thio-acetic  CH3.COSH  -0469 

Thioglycollic  CHjSH.COOH  0225 

*  Approximate  only. 

OxvACETic  Acids,  C,»Hg»OH .  COOH,  and  their  Derivatives. 

Acid.  K. 

Glycollic  CHgOH.COOH  -0152 

Methoxy-acetic  CHj  (OCH3) .  COOH  -0335 

Ethoxy-acetic  CHg  (OCjH^) .  COOH  0234 

Phenoxy-acetic  CH2(OC8H5).  COOH  -0756 

^Nitrophenoxy-acetic  CH2(OC8H4.  NOj) .  COOH  -158 

^  By  action  of  chloracetic  acid  on  sulphocarbamide  (Volhard,  y,  fiir  frakt, 
Chimiit  18T4.  6;  Claesson,  Btr»  10.  1351). 
*  Qaetson,  Ber,  10.  1350. 
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CHj.NHj.COOH. 


Acids  derived  from  Amu 

Acid.  K. 

Amidophenyl-acetic  CH,(C.H,NH,) .  COOH  "ooj; 

Hippuric  CH,(C,Hi.  NH.  CO).  COOH  022; 

Aceturic  CH, (N H  .  C.HjO) .  COO H  023 

AaDS   DERIVED  FROM   PROPIONIC,   CH,,  CH,.  COOH. 


Acid. 

K. 

Uctic                           CHj.CHOH.COOH 

■0138 

Oxypropionic               CH.OH  .  CH,.  COOH 

■00311 

Glyceric                    CHjOH .  CHOH  .  COOH 

-0338 

Laevulic               CHj.  C^HjO .  CH,.  COOH 

■00255 

lodopropionic                    CH,I .  CH,  ■  COOH 

■009 

TrieUorolaaic               CCl,.  CHOH  .  COOH 

■46s 

Derivatives  of  higher  Acetic  Acids.                       | 

Acid. 

K.                 1 

Trichlorobutyric                  CjH.Cl,.  COOH 

lo-o 

Oxyisobutyric           (CH,),.  CHOH .  COOH 

•0106 

Nilrocaproic                    CsH,„.  NO, ,  COOH 

■0123 

Dinitrocaproic            CsH,.(NO,)j.COOH 

■0694 

Benzoic  Acid  and  its  Oxv-derivat 

VES. 

Acid. 

A' 

Benzoic                                   C.H;,.  COOH 

•006 

1  :  2  Onybenioic                 C.H.OH.COOH 

•loz 

'  :  3           » 

W0867 

>  '  4           ■• 

-00286 

Oxysalkylic 

COOH:  OH  :  OH  =  i  ;  z:  3 

■114 

0«ysalicylic  1:2:5 

■loS 

„         1:2:4 

•0515 

„         1  :  2  :  6 

5-0 

Dioxybenxoic 

COOH  :  OH  :  OH  =  i  :  3  :  4 

■0O3J 

Dioxybenioic                 i  :  3    5 

■0091 

Halogen  derivatives  of  Benzoic  Acid.                   | 

Acid. 

K. 

0-  Chlorobenioic                C.H.Cl ,  COOH 

■'31 

«-              n                                                  1. 

■01 5  s 

t- 

■0093 

P- Bromobenzoic               C.H.Br.COOH 

■'45 

»»■           "                                       .. 

•0137 

«..FluobenxoJc                   C.H.F.  COOH 

■«^-!& 

«-Cyanob«'n;:oic           C.H. ,  CN  .  COOH 

■o\(y) 

§231,232]    AFFINITY   AND  CONSTITUTION. 

CiNNAMic  Acid  and  Uekivatives. 

Acid.  A' 

CH(CsH,).CH.COOH  oo; 

CH(C„Hj).CBr.COOH  i'44 

CBr  (CflHs) .  CH .  COOH  "09 

C^Hj.Cj.COOH  "59 

QH^NOj.Cj.COOH  106 


o-  Bromo-cinnamic 


P  hen  ylpropi  otic 
9-  Nilrophenylpropioli 


Derivatives  op  the  Benzenoid  Sulphonic  Acids. 
The  benzenoid  sulphonic  acids  are  so  strong  that  their 
lity -constants  cannot  accurately  be  deti;rmined  by  the 
iclrical  method  ;  at  moderate  dilutions  as  much  as  go  per 
hit.  of  an  acid  of  this  group  seems  to  be  dissociated.  When 
mido-group  (NH,)  is  introduced  in  place  of  hydrogen, 
1  affinity  of  a  sulphonic  acid  is  decreased,  and  measure- 
bnts  can  be  made  by  the  electrical  method. 


Acid. 

K. 

Amidobenzene  sulphonic 

QH, 

NHj 

SO.,H 

■33 
■0S81 

Diamidobenzene  sulphonic 
SO,H  :  NH,  ;  NH,=  l  : 

Bromamidobenzene  sulphonic 
SO,H  t   NH,  ;  Br=t  ;  a 

Uromamidobenzene  sulphonic 

Dibromamidobenzene  sulphoi 


Toluidine  sulphonic  SOnH  :  NH,  :  CH, 


3 

S           > 

ery  strong 

A' shews 

irregularil 

4 

6 

2'5 

= 

1:3:4 

■0236 

1:4:2 

■0357 

It  has  already  been  mentioned  (par.  227)  that  many 
pasic    acids   conduct    as    if   they  were  separated  by  the 

-ent  into  hydrogen  and  a  negative  ion  HR,  and  on 
rther  dilution  into  hydrogen  and  the  negative  radicle  R. 
lectrolysis  probably  takes   place   in   accordance  with    the 

.  schemes  (i)  H,R  =  H+HR,  (2)  HR=H  +  R;  both  of 

iese  occur  more  or  less  together,  but  until  the  conductivity, 

d  hence,  by  hypothesis,  the  electrolytic  dissociation,  reaches 

(out  half  its  maximum  value,  the  first  scKemc  ^aivxVj  7i.tiis3.- 

Sately  represents  the  course  of  the  e\ectro\ys\s.    \i'waOCva.'C\»vi- 


i 
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constants  can  be  determined  for  dibasic  acids  by  the  method 
already  described,  provided  only  those  values  of  the  con- 
ductivity are  used  for  which  m  is  less  than  '5.  If  the  con- 
ductivities are  greater  than  half  the  maximum  values  for 
monobasic  acids,  the  dissociation-constants  cannot  be  accu- 
rately determined  ;  yet  even  in  these  cases  comparison  of 
the  dilutions  at  which  the  relative  conductivities  of  the 
different  acids  are  equal,  or  nearly  equal,  gives  data  for  com- 
paring the  dissociation-constants  of  the  acids;  the  constants 
are  inversely  as  the  corresponding  dilutions  \ 

Ostwald  has  determined  the  conductivities  of  many  di- 
basic acids,  and,  by  using  the  numbers  representing  relative 
conductivities  at  varying  dilutioits  approximately  up  to  that 
dilution  whereat  the  second  phase  of  the  electrolysis  begins, 
he  has  found  values  for  K  which  enable  the  affinities  of  these 
acids  to  be  compared. 

The  following  numbers  are  selected  from  his  results. 

Oxalic  Acids  and  Derivatives. 

The  constant  for  oxalic  acid  itself  could  not  be  accurately 
determined  ;  even  at  a  dilution  of  32  litres,  the  acid  is  much 
more  than  half  dissociated.  From  his  observations,  Ostwald 
concludes  that  K  for  oxalic  acid  may  be  taken  in  round 
numbers  as  about  10. 


Acid. 

K, 

Malonic                               CH,(COOH), 

•158 

Succinic                             CjH^CCOOH)^ 

•00665 

Glutaric                              CaHeCCOOH), 

•00475 

Adipic                               C4H8(CaOH), 

•00371 

Pimelic                             C^HioCCOOH), 

•00359 

Methylmalonic        CH  (CHJ .  (COOH), 

•087 

Ethylmalonic         CH  (C^HJ .  (COOH), 

•127 

Dimethylmalonic       C  (CHj), .  (COOH), 

•077 

Methylsuccinic      CjHg  (CH,) .  (COOH), 

•0086 

Oxamic                           CONH,.COOH 

•80 

Oxaluric          CONH  (CONH,).  COOH 

4S 

Oxanilic               CONH  (CeH^).  COOH 

1*21 

0-  Chloroxanilic   CONH  (CeH^Cl) .  COOH 

2*03 

P'            »>                                       n 

14 

>  Ostwald,  U, 
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Malic                     CjH,(OH).fCOOH),        "0395 

Inactive  malic                          „                             ■0399 
Dcxiro-tartaric       C,H,(0H),(C0OH),        '097 
Laevo-tartaric                      „                           og? 
Racemic                                „                           097 

1 

BEN^ENL  UlCARBOXVLlC  ACIDS. 

Acid,                                                    A'. 
tf-Phthalic                            CsH,(COOH).j        -121 
m-       „                                        ,.                      '0387 

Nitrophihalic       C,Hj(NO,).(COOHU 
COOH  :  NO,:  CGOH^I  :  i  :  sf 

1  :  3  :   S         '60       ■ 

1 

Acids  derived  from  Pyridink', 

ACID. 

Picolinic                                                     CjH,N.COOH 
Nicotinic                                                           CiH^N.COOH 
Isonicotinic                                                         „ 
Lulidinic                                            CsHjN  (COOH),{oy) 
Cincomeronic                                                     „          (3^) 
Isocincomeronic                                                       „          (o/ff) 

Pyridine  dicarbonylic                                              „          (fly) 
.  Methyl  pyridine  dicarboxylic       CjH,.  CHj.  N  (COOH), 
-  Dimethyl  pyridine  dicarboxylic    C^H  (CHJ,  N  (COOH), 
- 

A'. 

otra3 

■00137 

00109 

^ 

43 
.P 
'5 
20 

34 
55 

The  following  results  exhibit  the  influence  of  gfom 
merUm   {v.   pars.   93 — 95.   Book    I,).      The    formula 
itten  in  accordance  with  the  notation  of  Wisliccnus. 

elrical 
e   are 

Acid.                                                        A'. 
Cn>tonic                  H>*^-^\cSr         ''^'"^ 

Uocrotonic           ^^  >C  -C<  2^""         0036  (approx 

nale). 

The  values  of  K  for  isocrotonic  acid  vary  from  'o 

328  to 

>  The  positions  of  the  cnrboxyl  groups  in  Ihf  -litsrlxiiyl  ilerivstives  of 
inHicitcd  by  the  scheme 

pyridine 

V 

I^^^^H 
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•00347 ;  this  is  because  of  the  impossibility  of  completely 
separating  the  acid  from  admixed  crotonic  acid.  The  axially 
symmetric  isocrotonic  acid  is  certainly  stronger  than  the 
plane  syvtmetric  crotonic  acid. 

The  values  of  K  for  tiglic  and  angelic  acids,  C^H.O,,  are ; 
tiglic  acid  ='000957,  angelic  acid  ='00501.  It  is  therefore 
probable  that  angelic  acid  is  analogous  to  isocrotonic  acid, 
and  has  the  constitution 

H->^  ^  ^COOH 

while  tiglic  acid  is  probably 

CH3\       ^/-COOH 
H/^-'^^CHj      • 

In   the  cases  of  maleic  and  fumaric  acids,  C,H,  (COOH), , 

the  values  are;  maleic  acid  =  1*17,  fumaric  acid  ='093.     In 

maleic  acid,  which  is  about  twelve  times  stronger  than  fumaric 

acid,  the  carboxyl  groups  are  probably  nearer  one  another 

than   in    fumaric   acid ;    the   structure   is   indicated    by   the 

formulae 

H\  ,^COOH  H^^  ^-COOH 

H-^^-^^COGH  ^"^  C00H/'-~'^^H 

(nuJeic)  (fumaric) 

If  the  formulae  of  Wislicenus  for  citraconic  and  mesaconic 
acids  are  adopted,  viz. 

CH3\   ^  ^COOH        COOHx^  r_c^^^^ 
H--        ^^COOH  U-^         \COOH' 

(citraconic)  (mesaconic) 

we  should  expect  citraconic  to  be  the  stronger  of  the  two 

acids.     The   values   obtained  for  K  are,   for  citraconic  '34, 

and  for  mesaconic  079.     The  third  isomeride,  itaconic  acid  is 

very  weak;    K  =  'Oi2,      The   constitution    of    this    acid   is 

probably 

COOH\   ^    ^H, 
CHj/  \COOH* 

233  The  results  obtained  by  Ostwald,  some  of  which  are 
recorded  in  the  preceding  paragraphs,  enable  conclusions  to 
be  drawn  regarding  connexions  between  the  constitutions 
and  the  affinities  of  acids.     In  the  acetic  series,  for  example, 
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affinity  decreases  from  formic  to  propionic  acid  and  then 
remains  nearly  constant  until  caproic  acid  is  reached,  The 
substitution  of  chlorine  for  hydrogen  in  an  acetic  acid  is 
attended  with  an  increase  of  affinity ;  the  value  of  K  is  in- 
creased to  a  smaller  extent  when  bromine  replaces  hydrogen  ; 
on  the  other  hand  the  group  CN  increases  the  affinity  more 
than  chlorine  does,  so  does  the  group  SCN,  but  SCN  is  less 
energetic  in  this  way  than  CN.  In  the  benzoic  acids,  substi- 
tution of  hydrogen  by  CN  increases  K  a  little  more,  but 
only  a  little  more,  than  is  effected  by  putting  chlorine  for 
hydrogen,  tlie  position  of  the  CN  group  in  one  case  being 
the  same  as  that  of  the  CI  atom  in  the  other  case.  Substitu- 
tion of  sulphur  for  oxygen  in  the  group  COOH  in  acetic 
acid,  raises  K  from  ■0018  to  0469;  but  if  the  group  SII 
is  substituted  for  hydrogen  in  the  same  acid,  K  is  raised 
from  0018  to  0335  only. 

The  change  from  an  acetic  acid  to  the  corresponding 
oxyacid,  i.e.  the  substitution  of  OH  for  H,  raises  the  affinity, 
but  the  increase  is  much  less  than  when  CI  is  put  in  place 
of  H.  The  group  OCH,  is  more  acidic  than  OH.  The 
acidic  character  of  the  group  OC^H„  is  very  marked.  When 
OC,H,NO,  is  substituted  for  H,  in  an  acetic  acid,  the  increase 
of  K  is  approximately  equal  to  that  which  occurs  when  CI 
is  substituted  for  H.  On  the  other  hand,  the  basic  character 
of  ammonia  derivatives  is  seen  by  comparing  K  for 

CH,{OC,HJ  COOH  [^=0756], 
with  A-  for     CH,(C.H.NHJCOOH  [/i:=0039]: 
with   this  decrease   may  be  contrasted  the  increase  due  to 
putting  in  the  acidic  group  CO 

[K  for  CH,(C,H..  NH  .  CO)  COOH  =  -0222], 
or  the  acidic  group  C.H^O  I 

ttA'rorCH,(NH.C,H,0)COOH=023].  I 

The  influence  of  the   relative   positions  of  the  different  j 

bups  is  apparent  when  we  compare  the  affinities  of  ^to-  J 
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CH3 .  CHj .  COOH  Ar=  00134 

CHjOH .  CH2.  COOH  Ar=-oo3ii 

CH3.  CHOH .  COOH  Ar=oi38 

CHjOH  .  CHOH .  COOH  Ar=  0228 

The  influence  of  relative  position  is  well  shewn  in  the 
values  of  K  for  the  three  oxybenzoic  acids ;  the  affinity  of 
the  ortho-acid  is  nearly  twelve  times  greater  than  that  of  the 
meta-acid,  and  the  affinity  of  the  meta-acid  is  about  three 
times  greater  than  that  of  the  para-acid.  Substitution  of  a 
second  OH  group  in  benzoic  acid  raises  the  affinity  a  little 
if  the  second  OH  group  is  placed  in  the  position  next  to 
the  first,  but  if  the  second  OH  group  is  placed  in  the  position 
next  to  the  COOH  group,  the  increase  in  the  value  of  K 
is  very  great ; 


CeH4.COOH.OH             I  :  2 

A'=     102 

CeH3.COOH.OH.OH    1:2:3 

K^    114 

CeH3.COOH.OH.OH    1:2:6 

A'-So 

A  comparison  of  the  affinities  of  the  isomeric  chloro- 
and  bromo-benzoic  acids  shews  the  influence  of  the  arrange- 
ment of  the  substituting  groups  ;  the  nearer  the  acidic  groups 
are  placed  the  greater  is  the  affinity  of  the  acid.  Again 
the  effect  of  replacing  H  by  CI,  and  by  NO,,  exhibits  at 
once  the  more  acidic  character  of  the  NO,  group,  and  also 
the  influence  of  position  : — 

CI  substituted  for  H  in  CeH^.COOH  in  the  meta-position  raises 
K  from  '006  to  'o  1 55.  ■— 

NO2  substituted  for  H  in  CeH^.COOH  in  the  meta-position  raises 
K  from  '006  to  '0345. 

CI  substituted  for  H  in  CeHg.COOH  in  the  ortho-position  raises 
K  from  '006  to  *!  32. 

NOj  substituted  for  H  in  CeHg.COOH  in  the  ortho- position  raises 
K  from  '006  to  '616. 

The  effect  of  the  character  and  position  of  the  replacing 
groups  is  also  shewn  in  the  change  of  affinity  brought  about 
by  passing  from  benzoic  acid  to  ortho-  and  para-acetoxy- 
benzoic  acids,  and  from  benzoic  acid  to  ortho-  and  para- 
methoxy-benzoic  acids ;  both  groups  raise  the  affinity  when 
they  are  placed  in  the   orthp-position,  and   both  lower  the 
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molecules),  it  does  not  follow  either  that  liquid  hydrogen 
chloride  should  be  chemically  active,  or  that  gaseous  hy- 
drogen chloride  should  be  easily  dissociated  by  heat.  The 
hypothesis  docs  not  afford  means  for  comparing  the  chemical 
activity,  or  the  stability,  of  gaseous  or  liquid  compounds  with 
the  activity  of  the  same  compounds  when  in  solution. 

It  should  also  be  remembered  that  the  hypothesis  does 
not  assert  the  occurrence  of  dissociation  in  solutions  of  al! 
compounds ;  it  distinguishes  between  n  on -electrolytes,  solu- 
tions of  which  it  regards  as  not  dissociated,  and  electrolytes, 
which  it  looks  on  as  more  or  less  dissociated  in  solution  ;  and 
it  allows  a  gradation  from  one  class  to  the  other. 
!43  The  action  of  the  solvent  on  the  electrolyte  dissolved  in 
it  is  not  yet  fully  explained  by  the  hypothesis  of  electrolytic 
dissociation.  The  law  of  van't  Hoff  assumes  that  the  volume 
of  the  solvent  is  occupied  by  the  molecules  of  the  dissolved 
body  in  the  gaseous  state.  The  molecules  of  those  compounds 
whicli  are  apparent  exceptions  to  this  law  are  supposed  to  be 
dissociated  ;  in  these  cases,  the  volume  of  the  solvent  there- 
fore contains  more  molecules  than  if  dissociation  had  not 
occurred,  and,  as  a  consequence,  the  osmotic  pressure  exceeds 
that  calculated  from  the  law.  This  explanation  regards  the 
solvent  as  in  some  way  bringing  about  dissociation  without 
itself  being  changed.  If  the  solvent  acts  merely  as  a  medium 
in  which  the  dissolved  electrolyte  is  dissociated,  one  would 
expect  the  amount  of  dissociation  of  an  electrolyte  to  be 
independent  of  the  composition  of  the  solvent.  But  experi- 
ments shew  that  the  conductivities  of  certain  salts  dissolved 
in  alcohol  are  considerably  less  than  those  of  the  same  salts 
dissolved  tn  water';  Arrhenius  says'  that  this  decrease  in 
conductivity  is  probably  due  to  the  friction  which  the  ions 
must  overcome  being  increased  by  the  sub.stitution  of  alcohol 
for  water. 

Armstrong*  seems   to   think   that   a   non-conductor,  say 


1^ 


Fluiuilrick,  B.  A   Rtforti.  1B86.  nf. 

See  A,  A.  krfvrli.  1888:  ■■  Oh  Elalrtlriii  in  Hi  tkytitaS  and  Chemu 
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liquid  hydrogen  chloride,  is  composed  of  complex  molecular 
aggregates,  which  are  broken  down  by  the  action  of  the  solvent 
into  simple  molecules;  that  these  molecules  flow  past  one 
another,  and  that  although  their  parts  '  strain  at  one  another,' 
yet  the  molecules  are  not  separated  into  their  ions  until  elec- 
tromotive force  is  applied. .  The  objection  to  this  view  lies  in 
the  fact  that,  so  far  as  accurate  experiment  has  gone,  electro- 
lytes obey  Ohm's  law,  in  other  words,  that  electrolytes  cannot 
resist  the  smallest  electromotive  force  directly  applied  to  them. 
This  fact  seems  to  require  the  presence  of  some  ions  in  the 
solution  of  an  electrolyte  before  the  current  passes. 

How  then  are  these  ions  produced  ?  Energy  must  be 
obtained  somewhere  to  effect  the  separation  of  the  molecules 
of  the  electrolyte  into  ions.  It  may  be  that  the  water  used  as 
a  solvent  is  chiefly  composed  of  aggregates  of  molecules,  but 
that  some  molecules,  H,0,  are  also  present,  and  that  the 
combination  of  these  with  molecules  of  the  electrolyte  is  the 
source  of  the  energy  whereby  some  of  the  electrolytic  mole- 
cules are  separated  into  their  ions\ 

Molecular  aggregates  are  probably  formed  before  electro- 
lytic dissociation  begins ;  in  our  present  ignorance  of  inter- 
atomic forces,  it  seems  enough  to  say  that  the  production  of 
molecular  aggregates  brings  the  atoms  into  intra-molecular 
relations  which  result  in  new  arrangements  of  these  atoms*. 
Or,  it  may  be  said  that  *the  molecular  aggregates  in  solution* 
have  *  an  aptitude  for  directed  decomposition,'  and  that  when 
the  current  is  applied,  electrolysis  results  (Lodge). 
244  There  can  be  no  doubt  of  the  existence  of  a  marked 
parallelism  between  the  electrical  conductivities  and  the 
chemical  activities  of  many  compounds  in  solution.  If  the 
former  is  connected  with  dissociation,  however  effected,  the 
latter  is  probably  due  to  the  same  cause.  As  pure  liquid 
hydrogen  chloride  is  an  extremely  bad  conductor,  if  not 
indeed  non-conductive,  so  is  this  compound  very  inactive 
chemically;  the  addition  of  water  is  accompanied  by  the 

1  Cf.  Pickering,  C.  S.  Journal,  Ttam.  1889.  13. 

'  Some  such  view  as  this  seems  to  be  favoured  both  by  Lodge  and  Annstrong. 
See  B.  A.  Ekctrolym  Committee  ReporU. 
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nifestation  of  conductivity  and  chemical  activity.  We 
hnnot  yet  fully  explain  why  the  presence  of  water  so  largely 
lianges  the  properties  of  the  hydrogen  chloride;  but  we 
mow  other  cases  wherein  the  presence  of  a  third  body  is 
quired  before  chemical  action  takes  place  between  two 
HJies. 
Perfectly  dry  chlorine  and  hydrogen  do  not  combine  in 
pnlight ;  the  presence  of  a  very  small  quantity  of  water 
ilffices  to  start  the  combination'.  A  mixture  of  perfectly  dry 
Hirbon  monoxide  and  oxygen  is  not  exploded  by  an  electric 
bark  which  at  once  produces  explosion  if  the  gases  are 
lightly  moist'.  Dry  hydrogen  chloride  is  unchanged  when 
hixed  with  6ry  oxygen  and  exposed  to  sunlight,  but  in  the 
Presence  of  a  httle  liquid  water  chlorine  is  produced  ;  if  the 
"atcr  present  is  all  gaseous,  chemical  action  does  not  occur*. 
i  mixture  of  dry  hydrogen  iodide  and  oxygen  is,  however, 
Bid  to  be  changed  in  sunlight'. 

Whether  the  water  in   these  reactions  acts  by  directly 
lecomposing  one  of  the  gases,  e.g. 

(!)     2CO  +  2H,0  =  2CO,  +  2H, 
(3)    2H,+  0,=  2H,O. 
r  whether  a  compound  of  the  water  with  the  reacting  bodies 
S  first  formed,  e.g. 

O  H.O  CO  OH,  OCO 

^'^    O  H.OCO  '"'    OH.  OCO' 

tBnnot  yet  be  decided*.    The  presence  of  water  is  required  in 
Jrder  to  render  the  molecules  of  the  other  bodies  active. 

Whether  we  accept  the  hypothesis  of  electrolytic  disso- 
Ution  or  not,  we  must  admit  that  the  conductivities  and 
Eiemtcal  activities  of  many  compounds  are  much  increased 
f  solution  in  water.  If  we  say  that  many  of  the  molecules 
f  the  dissolved  body  acquire  'an  aptitude  for  directed  dccom- 

'  PibEsheim.  ll'iai.  Ann.  S3.  384. 

•  Dixon,  Phil.  Tram.  18M.  fii;;  ai.-i  C.  .S.  y,mrKnl.*a.  r^. 

'  Riuhnrdson,  C.  S.  y^umal.  ei.  801. 

»  C/.Daoa,  /.(.  with  AnnMtoQg,  C.S.  JoMrnflJ.W.  nt. 
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position',  and  if  we  agree  to  call  these  molecules 'active*,  then 
the  ratio  of  active  to  inactive  molecules  is  the  chief  condition 
which  quantitatively  affects  the  electrical  conductivity  and 
the  chemical  activity  of  the  compound  in  solution.  Ostwald 
has  shewn  us  how  to  put  this  conception  of  chemical  change 
between  electrolytes  in  solution  into  a  form  which  enables 
constant  values  to  be  found  for  the  affinities  of  these  electro- 
lytes (par.  229). 
245  There  are  definite  connexions  between  the  affinities,  and 
the  composition,  of  acids  (pars.  231-233).  To  trace  definite 
connexions  between  composition  and  properties  has  always 
been  the  aim  of  chemistry.  The  study  of  composition  has  ad- 
vanced further  than  the  study  of  properties.  The  connexions 
between  composition  and  properties  have  been  quantitatively 
investigated  only  in  a  few  cases.  Great  difficulties  attend 
the  elucidation  of  the  connexions  between  the  composition 
and  the  properties  of  bodies:  some  properties,  such  as  weight, 
are  purely  additive;  the  weight  of  a  body  is  the  sum  of  the 
weights  of  its  parts ;  other  properties  are  purely  cumulative,  they 
are  dependent  on  the  mode  of  combination  of  the  parts  and  are 
wholly  independent  of  the  nature  and  number  of  these  parts ; 
the  volume  occupied  by  gaseous  molecules  under  standard 
conditions  belongs  to  this  category,  the  volume  is  independent 
of  the  nature  and  number  of  the  atoms  provided  these  are 
all  chemically  combined ;  but  many  properties,  including 
most  chemical  properties,  are  constitutive,  i.e.  they  depend  not 
only  on  the  number  of  the  parts  but  also  on  their  nature  and 
relative  arrangement ;  such  properties  as  boiling  point,  crystal- 
line form,  and  specific  rotatory  power,  belong  to  the  category 
of  constitutive  properties*.  The  affinities  of  acids  and  bases 
are  dependent  on  the  constitutions  of  these  compounds.  Each 
acid,  and  each  base,  has  its  own  affinity-coefficient  If  the 
change  of  constitution  in  the  passage  from  one  of  two  acids 
to  the  other  were  identical  with  the  change  of  constitution  in 
the  passage  from  one  of  a  second  pair  of  acids  to  the  other, 
the  difference  between  the  affinities  of  the  first  pair  of  acids 

1  Ostwald,  V,  especially  Kifnigl.  Sachsischm  Gtsdlschaft  der  Wissenschafim 
'~>Alh.  phys.  Classe)  Bd.  20.  [1889]  437.  . 
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wouiti,  almost  certainly,  be  Identical  with  the  difference  be- 
tween the  affinities  of  the  second  pair  of  acids;  but  such  a 
case  probably  never  occurs. 

The  chemists  who  have  studied  the  subject  of  affinity 
have  belonged  either  to  the  school  of  Bergmann  or  to  that  of 
Berthollet.  To  Ostwald,  more  than  to  any  other  chemist, 
belongs  the  signal  honour  of  finding  the  middle  course,  which, 
neglecting  the  work  of  neither  of  these  great  naturalists, 
leads  to  a  well-founded  and  consistent  method  of  measuring 
affinities,  and  points  the  way  to  the  elucidation  of  the  funda- 
mental problem  of  chemistry.  Bergmann  taught  that  every 
body  has  a  definite  affinity,  and  in  this  he  was  doubtless 
right ;  he  also  taught  that  the  contest  of  affinities  always  leads 
to  the  occurrence  of  chemical  change  in  one  direction  only,  in 
this  he  was  certainly  wrong.  Berthollet  was  right  in  asserting 
that  chemical  change  is  quantitatively  conditioned  by  the 
relative  masses  of  the  reacting  bodies;  but  his  view  that  the 
afhnitics  between  acids  and  bases  are  inversely  proportional 
to  the  equivalent  weights  of  these  bodies  is  not  in  keeping 
with  recent  research.  (Ostwald  } 
^  But  we  have  not  yet  gained  a  complete  theory  of  chemical 
change.  Such  a  theory  mu.st  shew  us  what  chemical  con- 
stitution means,  and  it  must  quantitatively  generalise  the 
relations  of  constitution  to  properties.  In  doing  this,  the 
theory  must  bring  into  one  point  of  view  the  scattered  partial 
hypotheses  which  at  present  are  so  numerous  in  chemistry. 
The  theory  must,  for  instance,  connect  the  valencies  of  atoms 
witli  the  other  properties  of  atoms,  and  with  the  properties  of 
molecules.  To  do  this  requires  a  conception  of  valency  more 
exact  and  at  the  same  time  wider  than  we  have  at  present, 
and  a  more  thorough  elucidation  of  the  way  in  which  the 
stabilities  of  molecules  are  connected  with  the  valencies  of 
their  atoms. 

While  holding  that  it  is  better  at  present  to  limit  discus- 
sions about  atomic  valencies  to  data  obtained  from  the  com- 
positions and  reactions  of  gaseous  molecules,  I  am  of  opinion 
that  much  progress  will  not  be  made  in  our  kuosvlttd^-i  "o^ 
the  constitution  of  compounds,  and  iVie  coT\v\exv(iws  'Wf*ni«x\ 
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constitution  and  properties,  unless  the  chemical  properties 
of  bodies  in  solution,  and  of  solid  bodies,  are  carefully  and 
exhaustively  examined.  The  study  of  valency,  and  the 
study  of  affinity,  overlap ;  yet  I  do  not  think  that  the  study 
of  either  will  be  materially  advanced  by  confusing  one  with 
the  other*.  The  composition  of  the  molecules  of  a  certain 
gaseous  compound  is  known,  and  the  valency  of  each  atom  in 
the  gaseous  molecule  is  also  known ;  but  when  the  compound 
is  dissolved  in  water,  or  when  it  is  solidified,  the  interatomic 
relations  may  be,  and  in  many  cases  most  probably  are, 
modified,  so  that  the  molecules  are  able  to  take  part  in 
chemical  changes  which  could  not  be  brought  about  by  the 
gaseous  molecules.  The  cause  of  the  chemical  reactions  of 
the  molecules,  in  both  cases,  we  call  affinity ;  the  number  of 
atoms  with  which  any  specified  atom  is  directly  associated  in 
one  of  the  gaseous  molecules  is  called  in  this  book  the 
valency  of  that  atom  in  that  molecule.  It  may  be  that  the 
electrical  charges  of  the  atoms  are  not  fully  neutralised  in  the 
gaseous  molecules  (whatever  this  may  mean),  but  that  the 
residual  charges  do  not  suffice  to  hold  together  a  greater 
number  of  atoms  than  that  constituting  these  molecules,  and 
that  on  solution,  or  solidification,  these  residual  charges  are 
able  loosely  to  bind  together  complex  molecular  aggregates 
the  atoms  in  which  are  brought  into  such  intra-molecular 
relations  that  new  atomic  arrangements  result,  and  so  new 
compounds  are  formed  *.  If  something  of  this  kind  occurs, 
we  should  expect  to  find  series  of  bodies  ranging  from 
mixtures  to  definite  and  stable  compounds.  Let  two  mole- 
cules, one  composed  of  atoms  ab,  and  the  other  of  atoms 
cd,  be  brought  together;  the  (hypothetical)  residual  electric 
charges  may  just  suffice  to  form  an  aggregate  ab .  cd,  wherein 
the  properties  of  the  constituent  molecules,  or  radicles,  ab  and 
cd^  are  recognisable,  although  they  are  to  some  extent  merged 

>  There  is  an  interesting  paper  on  The  themutl  phenomena  of  neutralisatioHy 
by  Pickering  in  C.  S,  Journal^  61.  593 ;  the  reasoning  seems  to  me  sometimes  to 
be  marred  by  confusing  together  valency  and  affinity. 

*  This  view,  or  a  view  resembling  this,  seems  to  be  favoured  by  Armstroiv 
>wc.  R.  S,  18M.  368;  also  Pickering). 
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in  tliose  of  the  new  body;  or  the  residual  charges  may  suffice 
to  cause  a  rearrangement  of  the  atoms  with  production  of  the 
new  molecule  abed;  or  lastly  an  exchange  of  atoms  may  occur 
resulting  in  the  formation  of  two  new  molecules  ac  and  bd. 
In  the  first  case  two  different  substances  would  be  obtained, 
according  as  we  started  with  ab  and  cd,  or  with  ac  and  bd; 
but  in  the  second  case  the  same  body  would  be  produced 
whether  ab  reacted  with  cd  or  ac  with  bd:  which  reaction 
should  occur  would  depend  on  the  affinities  of  the  reacting 
bodies  rather  than  on  the  valencies  of  the  atoms'. 
17  A  complete  theory  of  chemical  change  must  elucidate  and 
accurately  set  forth  the  connexions  between  changes  of  pro- 
perties, changes  of  constitution,  and  changes  of  energy. 

In  Book  I.  we  learned  that  the  primary  object  of  thermal 
chemistry  is  to  measure  the  changes  of  energy  which  accom- 
pany definite  changes  of  composition.  We  found  that  de- 
finite quantities  of  energy  change  form  in  the  passage  from 
one  isomeride  to  another  (pars.  85 — 89).  No  discussion  was 
attempted  in  these  paragraphs  of  the  relations  between 
thermal  changes  and  affinity,  or  between  thermal  changes 
and  chemical  equilibrium. 

A  word  or  two  must  now  be  said  on  this  subject. 

The  heats  of  neutralisation  of  most  acids  in  aqueous 
solution  are  independent  of  the  nature  of  the  base  used,  and 
the  heats  of  neutralisation  of  very  many  bases  are  inde- 
pendent of  the  nature  of  the  acid  used  :  hence  it  follows  that 
the  heats  of  formation,  in  solution,  of  two  similar  salts  of 
different  metals  differ  by  a  constant  quantity  which  is  in- 
dependent of  the  nature  of  the  acidic  radicles  of  the  salts'; 
or  it  may  be  said  that  the  heat  of  formation  of  a  salt,  in 
aqueous  solution,  is  the  sum  of  two  constants,  one  of  which 
belongs  to  the  basic,  and  the  other  to  the  acidic,  radicle. 
Arguing  on  these  lines,  Lothar  Meyer'  arrives  at  the  con- 

'  See  Alkinwra's  experiments  (C.  5.  Jouitui!,  1865.  ii)},iicscribcil  in  par.  los. 

'  This  U  a  development  of  the  slaietuent  of  th«  ihcrmoneuttalitx  of  satis  firat 
lai'l  <lowQ  by  [less  in  1843;  I'o^-  Ann,  B3.  79.  Among  more  recent  papers  on 
the  lubjcct,  *ec  Pickering,  C.  S.  JbuntaJ,  SI.  j^j. 
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elusion,  that  the  heat  produced  in  the  formation  of  a  salt  is  a 
consequence  of  the  change  of  state  which  the  substances 
undergo,  and  that  it  is  not  conditioned  by  the  mutual  actions 
of  the  constituents,  i.e.  in  ordinary  chemical  language,  by  the 
affinity  of  one  constituent  for  the  other.  Although  each  acid 
and  each  base  has  a  definite  thermal  constant  which  quanti- 
tatively conditions  the  thermal  phenomena  accompanying 
the  formation  of  salts  by  that  acid  or  base,  and  although  each 
acid  and  base  has  also  a  definite  affinity-constant  which 
quantitatively  conditions  its  salt-forming  reactions,  never- 
theless, according  to  Meyer's  view,  the  thermal  constant 
does  not  measure  the  affinity-constant  Meyer  regards  each 
substance  as  having  a  definite  quantity  of  available  enei^y 
which  is  increased  or  diminished  by  every  change  of  state ; 
one  of  those  changes  in  which  the  available  energy  is  dimi- 
nished takes  place  when  an  acid  and  a  base  react  to  produce 
a  salt ;  but  the  degradation  of  energy  which  accompanies  this 
change  of  composition  is  not  the  cause,  but  rather  the  con- 
sequence, of  the  mutual  action  of  the  acid  and  the  base ;  the 
cause  of  the  change  we  call  affinity ;  it  is  dependent  on  the 
relations  of  the  reacting  bodies ;  but  the  degradation  of  the 
energy  of  each  body  is  dependent  only  on  the  nature  of  that 
body  and  on  the  change  of  state  which  it  undergoes,  and  is 
independent  of  the  nature  of  the  other  body  by  the  presence 
of  which  the  change  of  state  is  rendered  possible. 

The  conclusions  drawn  by  Meyer  may  be  too  sweeping. 
The  heats  of  formation  of  salts,  even  in  aqueous  solution,  are 
the  algebraical  sums  of  many  thermal  changes  which  as  yet 
we  cannot  disentangle.  But,  granting  this,  we  have  a  large 
probability  in  favour  of  the  statement  that  the  heats  of  for- 
mation of  many  salts,  when  the  physical  conditions  are  kept 
as  constant  as  possible,  can  be  represented  as  the  sum  of  two 
constants,  one  of  which  belongs  to  the  basic  radicle  and  one 
to  the  acidic  radicle,  of  the  salts.  This  statement  enables  us, 
I  think,  to  say  distinctly  that  the  affinities  of  acids  and  bases 
are  not  measured  by  the  quantities  of  heat  produced  in  their 
reactions,  unless  indeed  we  use  the  term  affinity  as  synony- 
mous with  potential  energy  of  a  body,  and  we  assume  that 
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the  heat  produced  in  a  reaction  of  this  body  with  another 
measures  the  total  change  of  potential  energy  into  kinetic 
energy. 

If  we  adopt  the  general  conception  of  chemical  change 
btrtween  electrolytes  in  solution  afforded  by  the  hypothesis  of 
electrolytic  dissociation,  we  should  picture  to  ourselves  the 
ions  of  two  electrolytes  as  giving  up  their  electric  charges 
and  so  combining  to  form  a  new  compound ;  supposing,  for 
simplicity,  each  ion  to  be  an  elementary  atom,  we  should 
regard  the  valencies  of  the  ions  as  determining  the  number  of 
atoms  which  combine  to  form  the  molecule  of  the  new  com- 
pound; we  should  say  that  the  cause  of  the  union  is  to  be 
found  in  the  affinities  of  the  ions,  but  what  this  affinity  is  we 
do  not  know ;  and  we  should  look  on  the  quantity  of  heat 
produced  as  to  some  extent  measuring  the  energy  degraded 
in  the  process.  On  this  view,  affinity  is  not  identical  with 
potential  energy'.  The  stability  of  the  new  compound  is  de- 
termined by  the  condition  that  the  entropy  of  the  system 
shall  be  a  maximum  ;  but  the  measurement  of  the  heat  pro- 
duced is  not  a  complete  determination  of  the  change  of 
entropy,  for  entropy  is  a  quantity  of  heat  divided  by  a 
temperature,  and  changes  of  entropy  may  be  conditioned  by 
changes  other  than  thermal.     (See  par.  191.) 

If  we  assert  that  the  quantity  of  heat  produced  in  a  re- 
action measures  the  affinities  of  the  interacting  bodies,  and 
the  affinities  quantitatively  condition  the  direction,  and  the 
amount,  of  the  chemical  change,  we  must  turn  our  backs  on 
the  results  gained  by  Guldberg  and  Waagc,  Ostwald,  and 
many  other  chemists,  regarding  tlie  distribution  of  the  inter- 
acting bodies  in  the  changes  which  occur  when  adds  and 
bases  are  mixed  in  equivalent  quantities. 
43  But  surely  there  musl  be  some  connexion  between  the 
quantity  of  heat  produced  in  a  chemical  change  and  the 
electromotive  force  of  the  arrangement. 

'  The  kinetic  tbeoiy  of  gases  obliges  us  to  regard  the  alomi  of  a  molecule  as 
III  conliimal  motion;  llie  iiQinUy  of  atoms  cannot  be  looked  on  ai  alln^elliVF 
l-oteiitial  energy.    (There  Is  an  inteiCiling  papct  bj  Viiiil{,ikM:vQ\  "xa  ZtUitln.  jtiT 

/■kyukai.  Chimit,  3.  i-ti^} 
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In  the  course  of  his  applications  of  the  conception  of  the 

conservation  of  energy,  Joule  undertook  a  series  of  researches 

on  the  '  energetics '  of  the  electric  current  *.     The  case  of  the 

passage  of  a  current  through  a  wire  was  considered,  and  the 

quantity  of  heat  produced  was  found  to  be  expressed  by  the 

equation 

H^CE, 

where  H  is  the  quantity  of  heat  developed  per  second,  and 
C  and  E  are  the  current  and  the  electromotive  force  re- 
spectively. 

Since  Joule  had  himself  shewn  that  heat  is  changeable 
into  work,  the  equation  took  the  form 

W^JH^CE, 

where  J  =  the  mechanical  equivalent  of  heat. 

The  phenomena  attending  the  production  of  heat  during 
the  passage  of  a  current  through  an  electrolyte  were  then 
examined  by  Joule,  and  it  was  shewn  that  the  total  quantity 
of  heat  could  be  separated  into  two  parts.  One  part  was 
expressible  as  the  result  of  overcoming  ordinary  resistance,  in 
accordance  with  his  previous  law,  and  the  other  part  was  due 
to  chemical  changes  in  the  cell.  He  then  determined  the 
quantity  of  heat  produced,  during  a  given  time,  in  a  process 
of  electrolysis  by  a  current  of  given  strength ;  then,  by  ap- 
plying Ohm's  law,  and  the  law  stated  connecting  heat  with 
resistance  and  current,  he  found  the  heat  which  would  have 
been  produced  had  a  wire  with  resistance  equal  to  that  of 
the  electrolyte  been  substituted  for  the  electrolyte.  The 
difference  between  these  two  quantities  of  heat  is.  Joule  said, 
'  equivalent  to  the  heat  which  is  due  to  the  reverse  chemical 
combination  by  combustion  or  other  means '  {loc,  cit  (2)  3. 

494). 

The  problem  was  further  considered  by  Sir  W.  Thomson  *. 
His  reasoning  was  somewhat  as  follows. 

>  PkiU  Mag,  20.  98;  22.  ao4;  and  do,  (3)  8.  481.  See  also  the  article 
*  Electricity'  in  EncycL  Brit.  Ycfl.  8^  (9th  Ed.)  pp.  88-93. 

*  Phil,  Mag,  for  December,  1851 ;  see  Mathemaikal  atui  Physicai  Bnpen, 
1.  47a. 


E  =  J^Q,  and  therefore  Q  = 
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Let  unit  quantity  of  electricity  pass  through  a  cell  of 
infinitely  small  resistance;  then,  by  Joule's  law,  the  work 
done  by  the  current  is  equal  to  E,  the  electromotive  force. 
But  e  gram  of  one  of  the  elements  of  the  electrolyte  has 
been  electrolysed,  in  accordance  with  Faraday's  law.  Let  0 
be  the  quantity  of  heat  developed  by  the  combination  of  one 
gram  of  this  clement  to  reproduce  the  electrolyte,  then,  ac- 
cording to  Thomson,  since  no  work  is  expended  in  any  other 
part  of  the  circuit. 

To  realise  this  equation  in  practice  a  great  many  corrections 
have  to  be  applied. 

This  formula  presents  us  with  an  electrical  method  for 
determining  the  heats  of  combination  of  various  elements,  or, 
wc  may  say,  the  energy-changes  attending  the  formation  of 
various  compounds.  In  Joule's  papers,  the  values  of  the 
quantity  d  were  regarded  as  affording  measures  of  "the  in- 
tensities of  affinity '  of  different  substances  {loc.  cit.  20.  99) ; 
but  we  have  seen  that  this  cannot  now  be  held,  except  the 
term  'affinity'  is  used  in  a  very  vague  sense. 

Many  investigations  have  been  made  into  the  accuracy  of 
Thomson's  law ;  but  I  cannot  attempt  to  trace  these  here. 
Some  results  shew  great  discrepancies  between  the  observed 
E.  M,  F.'s  of  cells  and  those  calculated  from  thermal  measure- 
ments of  the  chemical  changes  which  are  supposed  to  occur 
in  the  cells;  but  unless  the  exact  chemical  changes  which 
occur  are  completely  known,  the  discrepancies  may  be  more 
fanciful  than  real'. 

Concluding  Rcfnarks. 

)        Wc  have  thus  tried  to  gain  some  answers  to  the  questions 

with  which  we  started,  What  is  the  composition  of  compounds? 

'  Among  [he  more  impoTtaJit  re5eBji;he&  may  be  mentioned : — Braun,  H'iiJ. 
.;««,  U,  j6i;  17.  59j;  Wright.  PiiJ.  Mag-  (i)  >.  137.331;  U-  J&j.  361.348; 
li.  165;  U.  iNH(  It.  ij:  a  geneial  bccoudI  or  bis  work  to  the  end  of  i9t)o  is 
;ivBn  by  Wricht  in  CA/vi.  AWv>.^- 149;  &ec  also  Pnx.ff  l/u  Fliytital  S^i/ty.  In 
i.i.nnc»ion  Willi  \Vni;ht's  work,  see  LaurieV  criticism,  Phil.  Mag,,  Xiew\,V*»*>. 
Sec  liw  B.  J^  •fit/ai/t  .I/lie  Etttlrvlytis  CammiUte;  laa&aX. 
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What  actions  are  compounds  capable  of  performing?  A 
complete  answer  to  either  question  will  be  an  answer  to  both, 
and  that  answer  will  include  the  whole  of  chemistry. 

The  atom  of  the  chemical  element  has  been  the  unit  with 
which  we  have  had  to  deal ;  the  properties  of  compounds  have 
been  regarded  as  conditioned  on  the  one  hand  by  the  nature, 
the  number,  and  the  arrangement,  of  the  elementary  atoms 
which  together  form  the  compound  molecules,  and  on  the  other 
hand,  by  the  greater  or  smaller  quantities  of  available  energy 
associated  with  these  molecules.  To  determine  the  relations 
between  the  properties  of  various  molecules,  and  the  nature, 
number,  and  arrangement,  of  their  constituent  atoms  was  the 
first  part  of  our  task ;  to  attempt  an  outline  of  a  dynamical 
explanation  of  chemical  operations  between  molecules  was 
the  object  of  the  second  part  of  the  undertaking. 

But  inasmuch  as  the  properties  which  chiefly  concern  us  as 
chemists  are  the  properties,  not  of  individual  substances,  but 
rather  of  these  considered  as  members  of  changing  systems,  it 
has  been  impossible  to  consider  the  questions  arising  in  the 
first  part  without  to  a  great  extent  making  use  of  methods 
and  conceptions  more  strictly  belonging  to  the  second  part 
of  our  subject. 

The  facts  connoted  by  the  expression  chemical  statics  were 
to  some  extent  classified  by  the  help  of  the  hypothesis  of 
valency,  itself  an  outcome  of  the  application  of  the  molecular 
and  atomic  theory  to  chemical  phenomena,  and  by  the  hypo- 
thesis regarding  the  relations  between  the  atomic  weights  of 
the  elements  and  the  properties  of  these  elements  and  their 
compounds  which  is  known  as  the  periodic  law.  The  deter- 
mination of  physical  constants,  and  more  particularly  the 
quantities  of  heat  which  are  produced  or  disappear  during 
chemical  changes,  the  refraction-equivalents,  the  specific  rota- 
tory powers,  and  the  relative  volumes,  of  typical  compounds 
and  classes  of  compounds,  helped  somewhat  towards  a  defi- 
nite knowledge  of  the  composition  of  these  compounds. 

The  study  of  chemical  kinetics,  we  found,  was  much 
advanced  by  the  dynamical  hypothesis  of  Guldbei^  and 
Waage,  concerning  mass-action  and  chemical  affinity,  which 
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I  its  primary  form  is  nearly  independent  of  any  molecular 

x>r>'  of  the  structure  of  matter,  but  in  its  development  and 

(plication   by  Ostwald  forms  a   bridge  connecting  the  in- 

Btigation  of  the  chemical  properties  of  molecules  with  that 

I  the   actions   of  the   forces  which  come  into  play  during 

femical  operations.     In  the  later  outcome  of  the  work  on 

inity,  we  found  a  general  theory  of  chemical  change  be- 

xn  electrolytes  in  solution.    Whether  we  accept  this  theory 

I  not,  wc  must  admit  that  it  has  been  prolific  in  work  of 

It-class   importance.     It  has  advanced  our  conception  of 

nical  change:   it  has  given  us  definite  measurements  of 

b  affinities  of  very  many  acids,  and  in  these  numbers  it  has 

iented  us  with  quantitative  connexions  between  the  con- 

tutions,  and  the  reactions,  of  those  acids. 

[  We  are  getting  nearer  the  goal  towards  which  chemists 

r  striven  ;  we  are  learning  to  recognise  and  formulate 

finite  connexions  between  properties  and  composition. 

J  I  have  tried  always  to  exhibit  the  hypotheses  of  chemistry 

■  at  once  arising  from  facts,  and  serving  as  guides  in  the 

[Est  for  facts      It  is  especially  necessary  to  do  this,  I  think, 

"dealing  with  the  questions  concerning  structural  formuIjE. 

[these  formulae  are  dissociated  from  the  chemical  facts  which 

■  symbolise   they    become    intellectual   tyrants;   if  each 

tnula  is  considered  simply  as  a  summary  of  facts  regarding 

:  compound  formulated,  they  are  to  be  classed  with  the 

'brute  beasts  of  the  intellectual  domain,'  and  cease  to 

s  much  interest  for  one  who  believes  that  chemistry  is  a 

bnch  of  science. 

I  One  great  difficulty  in  using  chemical  hypotheses  consists 

idetermining  the  limits  of  the  class  of  phenomena  to  which 

1  hypothesis  may  be  applied.     Berzelius  carried  the  hypo- 

ssis  of  dualism  too  far,  and  it  was  destroyed  by  the  more 

istic  hypothesis  of  substitution  ;  in  our  own  day  the  hypo- 

s  of  valency  has  frequently  been  applied  to  phenomena 

1  which  it  has  little  or  nothing  to  do. 

J  But  each  failure  to  explain  all  in  terms  of  one  hypothesis 

■kcs  us  more  hopeful  for  the  future,  and  convinces  us  that 
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we  have  to  deal  with  a  living  and  growing  part  of  the  study 
of  nature.     And  nature  is  finer  than  our  finest  analysis. 

Much  work  has  yet  to  be  done  before  a  general  theory  of 
chemical  change  can  be  hoped  for;  a  theory  which  shall 
represent  every  process  of  change  as  a  function  of  the  atomic 
weights  of  the  elements,  and  the  affinities  of  the  reacting 
substances  concerned  in  the  operation.  When  such  a  theory 
is  attained,  will  chemistry  be  complete  ?    I  hope  not ;  for 

'What's  come  to  perfection  perishes.' 
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affinitj'  when  they  are  placed  in  the  para-position ;  the 
change  of  position  in  the  case  of  the  group  O .  C,H,0  from 
ortho  to  para  decreases  the  affinity  to  about  |,  of  its  value, 
the  corresponding  change  of  position  in  the  case  of  the 
group  O  ,  CH,  decreases  the  affinity  to  about  J  of  its  value  :— 


O .  CaH,0  substituted  for  H  ; 
r^ses  AT  from  -006  to  ■0333. 

O.CHj  substituted  for  H   in 
raises  A'  from  ■006  to  130815. 

O.C,HjO   substituted   for  H 
lowers  A"  from  "006  to  ■00422. 

.CHj  substituted    for  H   ii 
■s  A'  from  -006  to  '00302, 


1  CHs.COOH  i 
CaH^.COOH   ir 

n  QH^.COOH 


I  the  ortho-position 
the  ortho-position 
1    the  para-posilioD 


CnHj.COOH    in  the  para-positior 


That  the  affinity  of  an  acid  is  dependent  not  only  on  the 
laractcr  of  the  radicles,  but  also  on  their  relative  positions, 
Pshewn  in  a  very  marked  way  by  comparing  the  values  of 
E  for  the  two  bromo-cinnamic  acids : — 


CH(CaH,).CH.COOH 
CH(CBH,>.CBr.COOH 
CBr(CoH„).CH.COOH 


A'=    0035! 
^=1-44 
IC=  -093 


Substitution  of  Br  for  H  in  one  case  increases  the  affinity 
out  400  times,  and  in  the  other  case  only  about  26  times. 
\  The  affinities  of  the  pyridine  dicarboxylic  acids  also  ex- 
tit  the  influence  of  position ;  what  one  may  perhaps  call 
;  strongest  position  for  the  COOH  group  is  that  nearest 
e  nitrogen  atom,  and  the  position  para  to  the  nitrogen  atom 

•onger  than  that  which  is  meta  to  the  nitrogen  atom. 
I  These  results,  regarded  as  a  whole,  point  to  a  close  con- 
1  between  the  affinities  of  acids  and  the  space-arrange- 
(nts  of  the  atoms  which  form  the  molecules  of  the  acids. 
.  is  confirmed  by  the  measurements  of  the  affinities  of 
Monic  and  isocrotonic,  maleic  and  fumaric,  and  citraconic, 
jsaconic,  and  itaconic,  acids*. 

liier  dau,  and  discmsion  of  the  daln,  Oswald's  memoit  causl  be 
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Section  III.     Chemical  change. 

234  In  considering  Guldberg  and  Waage's  general  equation  of 

equilibrium 

kpq  =  k'p'q 

the  quantities  k  and  ^'were  treated  as  the 'coefficients  of  affinity' 
of  the  direct  and  reverse  changes,  respectively;  in  a  later  con- 
sideration of  the  subject  k  and  k'  were  regarded  as  represent- 
ing the  velocity-coefficients  of  the  two  parts  of  the  complete 
change.  In  pars.  214 — 220  it  is  shewn  that  to  each  acid  may 
be  assigned  a  certain  number  which  is  the  affinity-coefficient 
of  that  acid,  and  that  the  value  of  this  coefficient  quantita- 
tively conditions  the  different  reactions  in  which  the  acid  takes 
part.  Pars.  221 — 229  are  devoted  to  a  sketch  of  the  electrical 
methods  whereby  values  are  obtained  for  the  affinities  of  the 
acids.  The  explanation  of  these  electrical  methods  rests  on 
a  development  of  the  molecular  dissociation-hypothesis  of 
Williamson  which  was  first  applied  to  electrolysis  by  Clausius 
{v.  par.  192). 

The  further  development  of  the  Clausian  hypothesis  is  due 
in  great  measure  to  the  labours  of  van't  HofT,  Arrhenius,  and 
Ostwald.  An  account  has  been  given  in  the  preceding  sections 
of  this  chapter  of  the  results  of  some  of  Ostwald's  work  in  this 
direction,  and  reference  has  been  made,  from  time  to  time,  to 
the  *law  of  osmotic  pressure'  as  stated  by  van't  HofT.  It  now 
remains  to  glance  at  the  investigations  whereby  this  law  has 
been  gained  and  at  the  extensions  of  the  law  to  explain  the 
phenomena  of  chemical  change  occurring  among  substances 
in  solution.  As  the  subject  is  not  yet  fully  elucidated,  and 
as  the  principles  involved  are  rather  physical  than  chemical, 
although  the  chemical  applications  are  of  paramount  import- 
ance, a  brief  account  of  the  fundamental  researches  will  suffice. 

235  In  1887  van*t  HofT  published  an  important  memoir*,  in 
which  he  sought  to  establish  similarities,  and,  under  certain 
conditions,  identities,  between  substances  in  dilute  solution 
and  in  the  gaseous  state.     If  an  aqueous  solution  of  a  sub- 

1  Zeitschr,  fur  phynkal.  Ckemie^  1.  481  (Translation  in  Phii.  Mag.^  August, 
1888). 


.itance  is  contained  in  a  vessel  the  walls  of  which  are  perme- 
able by  water  molecules  but  not  by  the  molecules  of  the 
dissolved  substance,  and  the  vessel  is  immersed  in  water, 
water  will  enter  the  vessel,  and  the  pressure  on  the  walls  will 
increase  until  equilibrium  results,  after  which  no  more  water 
will  enter.  The  pressure  on  the  walls  of  the  vessel  is  called 
osniotU  pressure.  If  the  vessel  had  been  furnished  with  a 
movable  piston,  the  same  condition  of  equilibrium  might  have 
been  obtained,  without  the  entry  of  water,  by  compressing  the 
solution  with  a  pressure  equal  to  the  osmotic  pressure.  With 
such  an  arrangement  the  concentration  of  the  liquid  could 
be  altered  by  increasing  or  decreasing  pressure  by  means  of 
the  piston;  as  the  process  would  be  reversible,  the  second 
law  of  thermodynamics  may  be  applied. 

Experiments  on  osmotic  pressure  have  been  conducted  by 
Ede  Vries',  PfefTer',  and  others;  the  results  shew  that  the 
Mmotic  pressures  of  dilute  solutions  are  proportional  to  the 
irccntrations  of  the  solutions.  Now  the  statement  that  the 
Iteration  of  concentration  of  a  dilute  solution  is  proportional 
6  the  pressure  exerted  by  the  solution,  is  equivalent  to  saying 
lat  Boyle's  law  holds  good  for  dilute  solutions.  Moreover 
:  proportionality  of  concentration  to  osmotic  pressure  may 
\  theoretically  deduced.  If  we  assume,  as  seems  justifiable, 
lat  osmotic  pressure  is  due  to  the  impact  of  the  molecules  of 
:  dissolved  substance,  then  the  number  of  impacts  in  unit 
ine  must  be  proportional  to  the  number  of  molecules  in  unit 
plume.  But  this  is  the  molecular  conception  of  the  pressure 
ia  gas ;  and  as  in  gases  volume  is  inversely  as  pressure,  the 
Tic  proportionality  should  hold  good  in  dilute  solutions,  in 
aier  words,  Boyle's  law  should  apply  to  these  solutions. 
'  van't  HofT  then  proceeds  to  deduce,  by  therm odynamical 
ming.  that  osmotic  pressure  is  proportional  to  absolute 
liperature,  provided  concentration  remains  constant ;  this 
iiclusion  is  equivalent  to  the  law  of  Charles  for  gases,  inas- 
ich  as  concentration  in  one  case  corresponds  with  volume 
Jie  other. 

'  See  especially  ZiVjr*r.^c/*w/'*a/,  Chtmii,\.  \\\. 
•  0.>-tiukf  I'altnucknnsm  ll.cipufi.  iSftiV 
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The  experimental  results  obtained  by  Pfeffer,  and  also 
bySoret\  are,  on  the  whole,  in  keeping  with  the  statement 
that  the  laws  of  Boyle  and  Charles  hold  good  in  dilute  solu- 
tions. 

Further  thermodynamical  reasoning  applied  to  isotonic 
solutions,  i.  e.  solutions  exerting  equal  osmotic  pressures, 
leads  to  the  conclusion  that  the  osmotic  pressure  of  a  stated 
mass  of  a  gasifiable  substance  in  dilute  solution  is  equal 
to  the  pressure  exerted  by  the  same  mass  of  the  same  sub- 
stance existing  as  a  gas  at  the  same  temperature.  If  then 
osmotic  pressure  may  be  substituted  for  gaseous  pressure, 
Avogadro's  law  may  be  extended  to  substances  in  dilute  solu- 
tion. This  extension  of  Avogadro's  law  is  thus  stated  by 
van't  HoflF, — '^  Equal  volumes  of  different  solutions,  at  the  same 
temperature  and  osmotic  pressure^  contain  equal  numbers  of 
molecules,  which  numbers  are  the  same  as  would  be  cofitained 
in  equal  volumes  of  gases  at  the  same  temperature  and  pres- 
surer 

This  is  van't  HofTs  law  of  osmotic  pressure. 

The  first  experimental  proof  of  the  accuracy  of  this  law  is 
obtained  from  the  results  of  Pfeffer's  experiments  on  the 
osmotic  pressure  of  sugar  solutions  at  different  temperatures, 
^by  comparing  these  with  the  pressures  exerted  at  the  same 
temperatures  by  a  volume  of  hydrogen  containing  the  same 
number  of  molecules  as  the  sugar-solution.  The  second  proof 
of  the  accuracy  of  the  law  is  obtained  by  proving  thermo- 
dynamically  that  the  vapour-pressures  of  solutions  containing 
equal  numbers  of  molecules  of  different  substances  are  equal ; 
but  this  statement  has  already  been  established  experi- 
mentally by  Raoult  {Compt.  rend.  44.  143 1;  8*7.  167).  The 
third  proof  of  the  accuracy  of  the  law  also  rests  on  thermo- 
dynamical reasoning ;  van't  Hoff  shews  that  solutions  in  the 
same  solvent  having  the  same  freezing  point  are  isotonic, 
i,e.  exert  equal  osmotic  pressures,  at  their  freezing  points; 
and  from  this  he  deduces  the  conclusion  that  solutions  which 
contain  equal  numbers  of  molecules  in  equal  volumes,  and 

*  Ann,  Chim.  Pkys.  (5)  22.  493. 
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which  are  therefore  isotonic  by  the  law  of  osmotic  pressure, 
have  the  same  freezing  point  But  this  statement  is  identical 
with  Raouit's  law  of  nwUailar  loiverin^  of  freezing  point 
which  was  gained  by  laborious  experimental  investigation 
{v.  Book  I.  par.  35).  This  third  proof  of  the  law  furnishes  a 
convenient  method  for  finding  osmotic  pressures  from  deter- 
minations of  the  lowering  of  freezing  points  of  dilute  solutions. 

But  there  are  many  exceptions  to  Raouit's  law  of  mole- 
cular lowering  of  freezing  point.  These  exceptions  are  ex- 
plained, if  we  assume,  with  Arrhcnius,  that  compounds  whose 
behaviour  is  not  expressed  by  this  law  are  partially  disso- 
ciated in  solution.  Here  again  there  is  a  marked  analogy 
between  gases  and  dilute  solutions ;  as  the  pressure  of  ammo- 
nium chloride  vapour  is  greater  than  that  calculated  by 
applying  Avogadro's  law  on  the  assumption  that  the  vapour 
consists  of  molecules  of  NH,CI,  but  as  the  observed  pressure 
agrees  with  the  calculated  pressure  when  it  is  assumed  that 
the  vapour  consists  of  equal  numbers  of  molecules  of  NH, 
and  HCl,  so  the  apparently  abnormal  osmotic  pressures  of 
many  solutions  may  be  reconciled  with  the  law  of  osmotic 
pressure  by  assuming  that  the  compounds  in  these  solutions 
are  more  or  less  dissociated  into  simpler  molecules. 

The  osmotic  pressures  of  certain  solutions  agree  with 
those  calculated  by  van't  HolTs  law  from  observations  of  the 
lowering  of  the  freezing  points  of  the  solutions;  tliese  solu- 
tions are  generally,  if  not  always,  no n -electrolytes.  The 
exceptions  to  the  law  of  van't  Hoff  occur  chie0y,  if  not 
wholly,  among  electrolytes.  The  hypothesis  of  Arrhenius 
(par.  237)  regards  such  electrolytes  as  more  or  less  dissociated 
into  their  ions  when  they  are  dissolved  in  water. 

Dealing  with  exceptions  to  the  law  of  osmotic  pressures, 
van't  Hoff  calculates  the  ratio  of  tlie  observed  pressures  to 
the  pressures  which  would  be  exerted  did  the  law  fullycxpress 
the  behaviour  of  the  compounds  in  question.  This  ratio  he 
designates  by  the  symbol  /;  values  are  obtained  for  /  from 
Raouit's  freezing-point  determinations'.     The  law  of  mass- 
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action  of  Guldberg  and  Waage  is  then  considered  by  van't 
Hoff,  formulae  being  used  in  which  the  ratio  i  occurs;  the 
results  ag^ee  very  fairly  with  the  calculated  numbers. 

The  law  of  osmotic  pressure  has  been  placed  on  a  fairly 
firm  basis  by  van't  Hoff,  who  has  also  shewn  that  the  hypo- 
thesis that  many  compounds,  and  especially  electrolytes,  are 
partially  dissociated  in  dilute  solutions,  serves  to  explain  many 
if  not  all  the  apparent  exceptions  to  the  law. 
236        Planck,  in  memoirs^  published  independently  of  van't  Hoff, 
by  purely   thermodynamical  reasoning,  arrived   at  the  con- 
clusion that,  in  the  case  of  compounds  which  do  not  obey 
Raoulfs  law  of  lowering  of  freezing  point,  van't  Hoff's  co- 
efficient i  expresses  the  ratio  of  the  number  of  molecules 
actually   present   in  solution   to  the   number   which  would 
have  been  present  had  no  dissociation  occurred.     In  other 
words,   Planck  concludes  that  the  observed  phenomena  re- 
garding the  freezing  points  of  dilute  solutions  can  be  brought 
into  accordance  with  thermodynamical  laws  only  by  assuming 
that,  in  many  cases,  dissociation  of  the  molecules  of  the  dis- 
solved body  has  occurred,  and  that  the  ratio  of  the  observed  to 
the  calculated  osmotic  pressure  of  substances  which  do  not 
obey  the  law  of  freezing  points  is  also  the  ratio  of  the  number 
of  molecules  actually  present  to  the  total  number  which  would 
have  been  present  if  dissociation  had  not  occurred. 
237        Arrhenius'  has  developed  the  Clausian  hypothesis  of  elec- 
trolytic dissociation,  and  in  doing  this  he  has  made  use  of 
van't  Hoff's  law  of  osmotic  pressure. 

Arrhenius  applies  the  term  'active'  to  the  molecules  of 
an  electrolyte  which  are  supposed  to  be  dissociated  in  solu- 
tion; the  undissociated  molecules  he  calls  *  inactive'.  The 
ratio  between  the  number  of  active  molecules  and  the  sum  of 
all  the  molecules,  whether  active  or  inactive,  is  called  by 
Arrhenius  the  'activity-coefficient'  of  the  solution  (this  is  the 
same  as  the  'dissociation-ratio'  of  Lodge'),  and  is  represented 
by  the  symbol  a.     At  infinite  dilution  all  the  molecules  of  an 

»  IVttd,  Ann,  82.  46a;  M.  139;  Zeitsckr.  fur  physikai.  Chimk,  1.  577. 
'  Especially  Zeitsckr,  fur pkysikal.  CkemU^  !•  631;  %,  484,  491. 
*  BrU.  Ass,  Reports^  188«.  756. 
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electrolyte  are  supposed  to  be  active,  and  therefore  the 
activity-coefficient  is  equal  to  unity;  in  less  dilute  solutions, 
but  still  so  dilute  that  the  effects  of  internal  friction,  Stc.  may 
be  overlooked,  the  activity-coefficient  may  be  taken  as  the 
ratio  between  the  observed  molecular  conductivity  and  the 
limiting  value  at  infinite  dilution.  (For  Ostwald's  method  of 
finding  this  ratio  v.  ante,  pars.  225,  226.)  The  value  of  van't 
Hoff's  coefficient  i  can  be  calculated  if  a  is  known'.  Putting 
;k  as  the  number  of  inactive  molecules,  «  as  the  number  of 
active  molecules,  and  k  as  the  number  of  ions  into  which  each 
active  molecule  is  separable  (e.g,  KCl  is  separable  into  2  ions, 
K  +  CI,  and  KjSO^  into  3  ions.  K  +  K  +  SOJ,  we  have 


but  a  =      ~ ; 

w  +  « 

hence  1  =  1+  {k—  i)  a. 

Arrhenius  then  calculates  j  from  observations  of  a.  for  a  great 
many  compounds;  he  also  calculates  1  for  the  same  bodies 
from  determinations  of  the  lowering  of  the  freezing  points  of 
solutions  of  these  bodies'.  The  two  series  of  values  for  /  agree 
very  well  on  the  whole.  For  non-conducting  liquids  such  as 
methylic  alcohol,  ethylic  acetate,  &c,  /  is  appro.ximately 
equal  to  unity;  for  bases,  acids,  and  salts,  i  varies  from  I  to 
about  2'S. 

We  have  already  seen  {pars.  225,  226)  that  Ostivald's 
measurements  of  the  molecular  conductivities  of  monobasic 
acids  have  led  to  results  in  keeping  with  those  deduced  from 
the  hypothesis  of  electrolytic  dissociation.  In  two  memoirs*, 
Arrhenius  uses  the  same  hypothesis  to  explain  the  conduc- 
tivities of  solutions  of  mixtures  of  different  electrolytes ;  the 

1  Sec  also  van'l  Hoir  anil  Rcidlcr,  ZeitKkr.  fiir  pkynkal.  ChtmU.  1.  198. 
'  Let  lowering  ol  freeeing  poinl  of  walcr  produced  by  dissolving  i  gnun- 
molecule  of  given  body  in  1  litic  watet  =  r;  tlien  i=*'^i  ^-  v»n'l  Hofli  Phil. 
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results  obtained  agree  very  closely  with  the  calculated  re- 
sults. To  follow  the  reasoning  here  would  lead  us  too  far 
afield.  One  point  however  must  be  noted ;  Arrhenius  shews 
that  the  hypothesis  enables  the  retarding  influence  of  am- 
monium salts  on  the  saponification  of  ethylic  acetate  by 
ammonia  to  be  quantitatively  determined,  and  that  the 
numbers  theoretically  calculated  agree  well  with  those 
actually  observed.  Arrhenius  also  extends  the  hypothesis  to 
the  case  of  any  number  of  electrolytes  in  solution  together ; 
the  equation  arrived  at*  expresses  the  conditions  of  chemical 
equilibrium  for  a  mixture  of  electrolytes,  and  the  quantitative 
applications  of  this  equation.give  good  results. 

The  work  of  van't  Hoff  and  Arrhenius  establishes  a  large 
probability  in  favour  of  the  statement  that  the  properties  of 
dilute  solutions  can  be  deduced  from  two  principles,  viz.  the 
principle  of  the  close  analogy,  and  in  some  respects  even  the 
agreement,  between  the  gaseous  state  and  the  state  of  dilute 
solution,  and  the  principle  of  electrolytic  dissociation '. 
238  Arrhenius '  points  out  that  many  physico-chemical  proper- 
ties of  salts  in  solution  can  be  represented  as  approximately 
the  sums  of  the  properties  of  parts  of  the  solution ;  such  pro- 
perties are  the  heats  of  neutralisation  of  acids  by  bases  in 
dilute  solution,  the  specific  volumes  and  specific  gravities,  the 
specific  refractive  powers,  and  the  conductivities,  of  dilute 
solutions  of  salts.  The  fact  that  such  properties  as  these 
are  additive^  as  distinguished  from  cumulative  properties,  is 
entirely  in  keeping  with  the  hypothesis  of  electrolytic  disso- 
ciation, inasmuch  as  this  hypothesis  regards  a  dilute  solution 
of  an  electrolyte  as  composed,  for  the  most  part,  of  the  ions  of 
the  electrolyte,  each  ion  having  its  own  characteristic  properties 
which  are  generally  independent  of  the  properties  of  the  other 

'  Zeiischr.  fur  physikal.  Ch€mie^2.  294. 

^  The  agreements  between  the  observed  and  calculated  numbers  do  not,  of 
course,  finally  establish  the  accuracy  of  these  two  principles. 

The  law  of  van't  HofT  gives  a  means  for  determining  the  molecular  weights 
of  salts  in  solution ;  but  the  work  of  Arrhenius  points  to  the  existence  in  many 
salt  solutions  of  molecules  of  different  degrees  of  complexity,  and  suggests  that  in 
many  cases  we  cannot  speak  of  M/  molecular  formula  of  a  salt  in  solution. 

>  Ilnd.  1.  640. 
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ion.  The  solutions  of  salts  which  have  been  used  for  measure- 
ments of  specific  gravity,  refractive  power,  lowering  of  freezing 
points,  &c„  have  not.  as  a  rule,  been  so  dilute  as  to  ensure 
complete  dissociation  of  the  dissolved  bodies ;  hence  the  pro- 
perties mentioned  appear  as  approximately  the  sums  of  certain 
constants,  each  of  which  belongs  to  one  part  of  the  solution. 
When  we  deal  with  fairly  dilute  solutions  of  the  salts  of  strong 
acids  with  strong  bases,  or  with  dilute  solutions  of  the  strong 
acids  and  bases  themselves,  no  large  errors  are  introduced  by 
generally  assuming  that  such  properties  as  those  named  are 
the  sums  of  the  properties  of  the  ions.  The  weak  acids  and 
bases,  and  several  salts — e.g.  ammonia  and  the  amines,  phos- 
phoric, boric,  hydrocyanic,  and  sulphhydric,  acids,  and  many 
salts  of  mercury,  cadmium,  and  zinc — do  not  appear  to  be 
largely  dissociated  in  solution;  the  properties  of  such  com- 
pounds in  solution  are  not  so  distinctly  additive  as  are  the 
properties  of  the  strong  acids  and  bases  and  the  salts  formed 
by  the  interactions  of  tliese.  It  is  then  necessary  to  distin- 
guish between  different  classes  of  compounds ;  some  are 
almost  wholly  dissociated  in  dilute  solutions  into  their  ions, 
others  are  partially  dissociated,  and  others  arc  dissociated  only 
to  a  small  extent'. 
39  In  par.  239  was  given  a  short  account  of  Ostwald's  applica- 
tion of  the  law  of  osmotic  pressure,  and  the  hypothesis  of 
electrolytic  dissociation,  to  find  the  affinities  of  monobasic 
acids.     The  equation  given  by  Ostwald 

M..  (m-  -  ^■) 


ought  to  express  completely  the  electrical  conductivity  of 
binary  electrolytes,  if  the  hypothesis  of  electrolytic  disso- 
ciation is  well  founded.  Ostwald'  notes  six  generalisations 
regarding  aqueous  solutions  of  binary  electrolytes  which  have 
been  established  empirically.     These  are  ; — 
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1 .  The  molecular  conductivities  of  solutions  of  electrolytes 
increase  with  increasing  dilution,  and  asymptotically  approach 
maximum  values. 

2.  The  maximum  values  for  equivalent  quantities  of 
acids,  bases,  and  salts,  are  of  the  same  order  but  they  are  not 
identical. 

3.  The  maxima  may  be  expressed  as  sums  of  two  quan- 
tities, one  of  which  depends  only  on  the  positive  ion,  and  the 
other  only  on  the  negative  ion. 

4.  The  last  statement  does  not  hold  good  for  somewhat 
concentrated  solutions,  nor  for  solutions  of  weak  acids  or 
bases. 

5.  The  molecular  conductivities  of  bad  conductors,  such 
as  weak  acids  and  bases,  increase  rapidly  as  dilution  increases; 
the  conductivities  of  monobasic  acids  and  mono-acid  bases  are 
proportional  to  the  square  root  of  the  dilution. 

6.  Increase  of  molecular  conductivity  follows  the  same 
course  in  solutions  of  all  monobasic  acids  and  mono-acid 
bases ;  the  dilutions  at  which  the  conductivities  of  these  acids 
and  bases  are  equal  fractions  of  their  maximum  conductivities 
bear  a  constant  proportion  to  one  another. 

Ostwald  then  proceeds  to  shew  that  the  equation  already 
given  contains  tliese  six  generalisations.     The  equation  is 

where  fi^—  molecular  conductivity  for  volume  Vy  fi»  =  maximum 
conductivity  for  infinite  dilution,  z/  =  volume  of  solution. 

I.     I(  V  increases  without  limit,  the  expression 

must  approach  zero.  As  both  /i^  and  /a*  have  finite  values, 
/^oe  — Mi>  must  become  smaller,  Le.  /t^will  increase  continuously 
until  it  reaches  the  limiting  value  /Aoo. 

2  and  3.  As  fi^  expresses  the  molecular  conductivity  of 
the  completely  dissociated  electrolyte,  and  as  the  ions  move 
in  this  solution  independently  of  one  another,  the  value  of  /i« 
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can  be  regarded  as  the  sum  of  two  quantities,  which  are 
measured  by  the  velocities  of  the  ions,  quite  apart  from  the 
nature  of  the  compound  which  was  formed  by  the  union  of 
these  ions.  If  compounds  are  compared  which  have  one 
common  ion,  and  the  other  ions  of  which  do  not  shew  great 
differences  in  their  velocities  of  transference,  then  the  sums 
of  the  two  velocities  must  be  of  the  same  order  of  magni- 
tude, 

4.  The  conductivities  of  fairly  concentrated  solutions  are 
conditioned  by  the  degree  of  dissociation  of  the  solutions,  and 
as  this  varies  in  different  solutions,  especially  in  weak  acids 
and  bases,  the  conductivities  of  these  solutions  cannot  be 
expressed  as  the  sums  of  two  quantities  one  of  which  depends 
only  on  each  ion.  Salts,  however,  of  similar  composition  are 
nearly  equally  dissociated  in  solutions  of  equal  dilution;  the 
molecular  conductivities  of  such  salts  are  equal  fractions  of 
tlieir  maximum  values,  and  they  can  be  expressed  as  the  sums 
of  two  quantities  which  are  the  velocities  of  the  ions  multiplied 
into  the  degree  of  dissociation. 

5.  In  the  cases  of  weak  acids  and  bases  fie  is  small  com- 
pared with  fir,,  and  m„  -  ;t„  is  nearly  constant,  and  the  equa- 
tion gives  /*,'=  V  const.  In  other  words,  when  conductivity  is 
small,  it  increases  proportionately  to  the  square  root  of  the 
dilution. 

6.  In  the  equation,  the  constant  c  depends  on  the  nature 
of  the  electrolyte  ;  if  the  dilutions  at  which  the  relative  con- 
ductivities of  various  electrolytes  arc  equal  are  put  as  v^v^. .. 
then  the  values  of 

^»' 
are  equal,  and      v,  :  v,:  v^ ...  *=  c,  :  c, :  c,  ...; 
i.e.  the  dilution  at  which  the  conductivities  of  different  electro- 
lytes are  equal  bear  a  constant  relation  to  one  another,  and 
this  relation  depends  only  on  the  nature  of  the  electrolytes. 

In  these  six  points  then,  there  is  complete  agreement 
between  the  empirically  determined  data  and  the  deductions 
from  the  equation  which  e.\prcsscs  the  conductivity  of  binary 
electrolytes.     But  this  equation  is   itself  deduced    from   the 
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principles  of  electrolytic  dissociation  and  of  agreement  be- 
tween the  gaseous  state  and  the  state  of  bodies  in  dilute 
solution.  We  have  already  seen  {par.  329)  how  Ostwald  has 
modified  the  equation  expressing  the  behaviour  of  binary 
electrolytes  so  as  to  obtain  measurements  of  the  constant 
which  h  dependent  on  the  nature  of  the  electrolyte.  In  the 
case  of  acids,  this  constant  expresses  the  affinity  of  the  elec- 
trolyte ;  the  agreement  between  the  affinities  of  acids  thus 
determined  and  the  affinities  determined  by  other  physical 
and  chemical  methods,  is  a  further  proof  of  the  trust- 
worthiness of  the  principles  on  which  the  electrical  method 
is  based. 

The  hypothesis  of  the  dissociation  of  electrolytes  in  solu- 
tion is  connected  with  van't  HofT's  extension  to  solutions  of 
the  law  of  Avogadro,  in  much  the  same  way  as  the  hypothesis 
of  gaseous  dissociation  is  connected  with  Avogadro's  law  in 
its  original  form.  Planck's  thcrmodynamical  investigations 
give  independent  support  to  the  hypothesis.  The  hypothesis 
gives  a  fairly  complete  account  of  the  conductivities  not  only 
of  electrolytes  in  solution,  but  also  of  mixtures  of  electrolytes. 
The  results  of  determinations  of  the  molecular  lowering  of  the 
freezing  points  of  solutions  strikingly  confirm  the  hypothesis, 
and  afford  a  convenient  method  for  determining  the  ratio  of 
the  number  of  molecules  actually  present  to  the  number  which 
would  have  been  present  had  no  dissociation  occurred.  The 
hypothesis  gives  an  explanation  of  the  retarding  influence 
of  neutral  salts  on  the  rates  of  chemical  actions  brought 
about  by  weak  acids.  From  tlie  hypothesis  of  electrolytic 
dissociation,  taken  along  with  van't  HofT's  law  of  osmotic 
pressure,  an  equation  is  deduced  which  enables  measurements 
to  be  made  of  the  affinities  of  acids,  and  these  affinities  are  in 
keeping  with  the  values  obtained  by  wholly  difTerent  methods. 
both  physical  and  chemical'. 
1  If  we  accept  the  law  of  van't  Hoff,  and  the  principle  o( 
electrolytic  dissociation,  we  must  regard  the  chemical  re- 
actions of  acids  and  bases  in  solution,  as,  at  any  rate  vajr 
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largely,  dependent  on  the  extent  to  which  these  compounds 
are  dissociated  into  their  ions,  and  on  the  velocities  of  trans- 
ference of  these  ions.  Inasmuch  as  hydrogen  moves  so 
much  more  rapidly  than  any  of  the  negative  ions  of  acids, 
the  chemical  reactions  of  acids  in  solution  will  chiefly  depend 
on  the  degree  of  dissociation.  The  exact  form  in  which  this 
conception  is  applied  in  order  to  find  the  affinities  of  acids 
has  been  given  in  par.  229 ;  it  is 


where  »;  =  molecular  conductivity  at  any  .stated  dilution, 
referred  to  the  maximum  molecular  conductivity,  and  c  =  a. 
constant  =  affinity  of  the  acid. 

In  comparing  gaseous  dissociation  with  dissociation  in 
solution,  it  is  important  to  note  that  just  as  all  gases  are  not 
dissociated  by  heat,  so  all  salts,  acids,  and  bases,  are  not 
dissociated  in  solution ;  nevertheless,  if  the  hypothesis  of 
dissociation  is  adopted,  and  the  law  of  van't  Hoff  is  taken 
to  be  true,  the  data  shew  that  dissociation  is  a  much  more 
frequent  occurrence  among  compounds  in  solution  than 
among  gases.  The  compounds  which  most  readily  and  most 
completely  undergo  dissociation  in  solution  are  electrolytes ; 
the  greater  the  conductivity  the  more  complete  is  the  dis- 
sociation. Now  if  a  compound  is  a  good  electrolytic  con- 
ductor it  is  also  ready  to  take  part  in  chemical  reactions. 
The  strong  acids  and  bases— .-.^.  HCl,  HNO„  KOH.  NaOH 
— are  chemically  very  energetic,  and  their  conductivities  are 
very  lai^e.  Hence,  if  we  adopt  the  hypothesis  of  electrolytic 
dissociation,  we  mipst  regard  the  readiness  shewn  by  the 
strong  acids  and  bases  in  solution  to  exchange  hydrogen  and 
hydroxyl  in  chemical  reactions,  as  due  to  the  large  extent 
to  which  they  are  dissociated  in  solutions,  into  hydrogen  and 
negative  ions  on  the  one  hand,  and  hydroxyl  and  positive 
ions  on  the  other  hand.  At  the  first  glance  it  is  difficult  to 
accept  the  conception  of  such  compounds  as  hydrochloric 
and  nitric  acids,  or  soda  and  potash,  as  existing  in  solution 
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as  Ostwald  points  out*,  partly  from  confounding  the  affinities 
which  hold  together  the  elements  of  a  compound  with  the 
affinity  which  this  compound  exhibits  towards  other  bodies, 
and  partly  from  forgetting  that  the  ions  of  an  electrolyte 
which  is  dissociated  in  solution  are  not  comparable  with  the 
same  bodies  in  the  free  state,  because  the  ions  carry  with 
them  enormous  electrical  charges*.  Because  potassium  hydr- 
oxide is  chemically  extremely  energetic,  it  does  not  follow 
that  *  the  elements  are  held  together  in  this  compound '  as 
is  sometimes  said  'by  the  strongest  affinities.'  The  reverse 
of  this  rather  is  true:  it  is  in  compounds  which  do  not 
readily  enter  into  chemical  reactions,  such  as  the  paraffins 
and  their  derivatives,  that  the  elements  are  firmly  held  by 
strong  affinities. 

To  meet  the  objection  that  we  cannot  suppose  a  solution 
of  potash  to  contain  the  ion  potassium,  because  we  know 
that  potassium  and  water  at  once  react  to  form  hydrogen 
and  potash,  Ostwald  brings  forward  the  following  considera- 
tions'. Let  two  glass  vessels  contain  potassium  chloride 
solution ;  let  the  vessels  be  brought  into  communication  by 
a  glass  tube  filled  with  the  same  solution ;  now  let  a  nega- 
tively electrified  body  be  brought  near  one  of  the  vessels, 
the  contents  of  this  vessel  become  positively  electrified  and 
those  of  the  other  vessel  become  negatively  electrified ;  let 
the  connecting  tube  be  now  removed,  and  then  let  the  nega- 
tively electrified  body  be  removed;  the  contents  of  the  vessels 
remain  electrified,  one  positively  and  the  other  negatively. 
Now,  according  to  Faraday's  law,  electricity  must  travel  in 
an  electrolyte  with  the  ions ;  therefore  the  vessel  which 
remains  positively  electrified  must  have  positively  electrified 
potassium  atoms  accumulated  in  it,  while  negatively  electrified 
atoms  of  chlorine  must  have  accumulated  in  the  other  vessel. 
If  a  platinum  wire,   in   connexion   with  the  earth,  is  now 

*  Zeitschr,  fiir  physikaL  Chcmie,  2.  170. 

^  It  is  to  be  remembered  that  the  statement,  that  the  ions  of  an  electroljrte 
are  endowed  with  electrical  charges  and  are  thus  different  from  the  products 
of  dissociation  of  a  gas,  does  not  explain  the  difference  in  question,  because  we 
are  as  yet  ignorant  what  an  electrical  charge  is. 

*  Loc,  cU.  pp.  371 — 373. 
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brought  into  the  positively  electrified  vessel,  potash  and 
hydrogen  are  produced ;  and  this  is  because  the  atoms  of 
potassium  give  up  their  electric  charges  and  then  at  once 
interact  with  the  water. 

From  this  experiment,  Ostwald  draws  the  conclusion  that 
the  electrolyte  must  have  been  dissociated  in  the  solution 
before  the  electrified  body  was  brought  near.  The  measure- 
ments of  Kohlrausch  shew  that  the  rates  at  which  ions  travel 
may  be  stated  in  not  very  many  millimetres  per  second  ;  but 
electrolytes  take  up  electrostatic  charges  practically  instan- 
taneously; hence,  in  the  experiment  described,  the  chlorine 
atoms  which  accumulate  in  one  vessel  could  not  have  been 
originally  in  combination  with  the  potassium  atoms  which 
appear  in  the  other  vessel,  A  similar  conclusion  is  drawn' 
from  the  results  of  the  common  experiment  of  placing  amal- 
gamated Kinc  and  a  platinum  wire,  at  a  considerable  distance 
apart,  in  dilute  sulphuric  acid,  and  then  connecting  the  zinc 
and  platinum.  Hydrogen  instantly  appears  on  the  platinum; 
but  this  hydrogen  cannot  have  been  in  combination  with  the 
negative  ion,  SO,,  which  at  the  same  moment  combines  with 
the  zinc,  because  the  rates  at  which  the  ions  hydrogen  and 
SO^  travel  during  electrolysis  are  not  rapid  enough  to  have 
enabled  the  hydrogen  to  pass  to  the  platinum  and  the  SO,  to 
pass  to  the  zinc'. 

The  affinity-coefficients  of  the  acids  and  bases  in  solution 
are  then,  on  this  hypothesis,  measures  of  the  dissociation  of 
these  compounds;  and  as  the  amount  of  dissociation  of  an 
acid  or  base  is  generally  independent  of  the  body  with  which 
the  acid  or  base  chemically  reacts,  these  affinity-coefficients 
have  constant  values  which  depend  only  on  the  nature  of  the 
acid  or  base.  If  however  another  body  should  be  present 
which  modifies  the  dissociation  of  the  acid  or  base,  the  pre- 
sence of  this  body  will  also  modify  the  affinity  of  the  acid  or 
base.  This  explains  the  fact  that  the  affinities  of  the  acids  are 
modified  by  the  presence  of  the  normal  salts  of  these  acids*. 

'   Ztitichr.fiir  fhyiikal.  Chnaie.  %.  pp.  *7I— 173. 

'  Sec  aliin  Ost*alii  and  Ncni&l,  Ztituhr.  Jiit  phyt^l-ai.  ChrmU,  S.  110. 

'  AnheniuB  has  worktiJ  oul  \a  deuil  the  miKlifyiiifi  influence  i>[  Qurma!  satis, 
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As  the  molecular  conductivities  of  the  acids  depend  on  the 
degree  of  dissociation  of  the  acids,  and  also  on  the  velocities 
of  transference  of  their  ions,  but  chiefly  on  the  former  because 
the  positive  ion  hydrogen  travels  more  than  five  times  more 
rapidly  than  the  quickest  travelling  negative  ion,  so  the 
affinities  of  acids  depend  on  the  degree  of  dissociation  of  these 
acids  and  on  the  velocities  of  transference  of  their  ions. 

But  the  affinities  are  dependent  on  the  velocities  of  the 
ions  to  a  greater  extent  than  the  conductivities.  In  some 
reactions,  e.g.  the  solution  of  zinc  in  acids,  the  velocity  of  the 
negative  ion  plays  an  important  part ;  in  such  cases  the  action 
of  acids  which  are  all  equally  dissociated  will  vary  in  accord- 
ance with  the  velocities  of  their  negative  ions.  In  other 
reactions  the  negative  ion  will  be  of  little  importance ;  in 
these  cases  the  actions  of  different  acids  which  are  equally 
dissociated  will  be  equal.  Generally  speaking,  the  readiness 
with  which  acids  react  chemically  will  be  chiefly  dependent 
on  the  degree  of  dissociation  of  the  acids,  because  the  positive 
ion  hydrogen  travels  so  much  more  rapidly  than  the  negative 
ions,  and  the  nature  of  the  negative  ion  will  be  of  secondary 
importance '. 
242  The  hypothesis  sketched  in  the  preceding  paragraphs, 
whether  accepted  or  not,  presents  a  general  conception  of 
those  chemical  changes  which  take  place  between  electrolysable 
bodies  in  solution.  All  compounds  which  in  solution  react 
chemically  with  electrolytes  are  regarded  by  the  hypothesis 
as  themselves  electrolytes. 

It  is  necessary  to  observe  that  the  hypothesis,  in  its  pre- 
sent form  at  any  rate,  is  applicable  only  to  substances  in 
solution.  If  we  regard  the  hydrogen  chloride  in  a  dilute 
aqueous  solution  of  this  compound  as  dissociated  to  the  ex- 
tent of  about  90  per  cent.,  and  if  we  assign  the  chemical 
activity  of  the  compound  in  this  solution  to  the  large  prepon- 
derance of  'active'  over  'inactive*  molecules  {i.e.  by  hypo- 
thesis, the  preponderance  of  dissociated  over  undissociated 

and  has  shewn  that  t^i^m^At'  6^  modhid^Q^  O^lKbe  correctly  deduced  from  the 
hypothesis  of  electiw^Oc  dissociatlQn;  v*^,Zeitsck^/J^^hysikaL  Ckemie^  2.  984. 
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Formulae,  chemical,  of  gases  compared 
with  those  of  solids,  46 
chemical,  structural,  examples 
of  methods  of  obtaining, 
146  et  seq* 
chemical,  structural,  general- 
isations usually   made    in 
obtaining,  1 56  et  seq. 
Frankland  recognises  a  substituting 

value  for  each  elementary  atom,  in 
Fusibility  of  elements,  connexion  be- 
tween, and  atomic  weights,  328 


Gallium,  identical  with  eka-aluminium^ 

230 
Garnier  and  Cannizzaro,  their  gene- 
ralisation regarding  specific  heats  of 
compounds,  51  58 
Gases,  formulae  of,  compared  with  those 

of  solids,  46 
Gay-Lussac,  Berzelius  modifies  the  law 

of,  17 
Dalton  refuses  to  accept 

the  law  of,  12 
his  law  regarding  volu- 
metric combinations  of 
gases,  12 
Geometrical  isomerism,  182,  30^,  445 
Gerhardt,  his  law  of  even  numbers, 
84,  198 
,,  his  reasons  for  changing 

the  equivalents  of  carbon, 
&c.,  22 
Germanium,  identical  with  eka-silicon, 

232 
GiBBS,  his  investigation  of  the  equili- 
brium of  heterogeneous  systems,  380, 
402 
Gladstone, his  investigations  on  chemi- 
cal change,  347 
Gladstone  and  Dale,  their  investiga- 
tions   on    refraction-equivalents    of 
carbon-compounds,  291 
Gladstone  and  Tribe,  their  investiga- 
tions in  connexion  with  the  electro- 
lysis of  acids,  100 
Gmelin,  his  system  of  notation,  21 
Goldstein,  his  investigations  on  the 
connexion  between  boiling  points  and 
molecular  structure,  286 
Graham,  his  work  on  colloidal  and 
crystalloidal  matter,  214 
„         his  work  on  water  of  crystal- 
lisation, 326 
Groth,    his   investigations  regarding 
morphotropk  relations,  173 


Group,  use  of  term  in  nomenclature  of 

the  periodic  law,  224 
Guldberg  and  Waage, 

their  equation  of  chemical  equili- 
brium, 349,  374 

their  equation  of  chemical  equili- 
brium applied  to  study  of  chemical 
affinity,  408  et  seq, 

their  law  of  mass-action,  347  et 
seq* 

their  molecular  hypothesis  of  chemical 
equilibrium,  380 

Halogens,  hydracids  and  oxyacids  of, 

considered  thermally,  268 
Hartley,  his  investigation  of  relations 
of  molecular  structure  to  absorption- 
spectra,  314 
Heat,  connexion  between  quantities  of, 
produced  in  chemical  changes, 
and  structure  of  molecules  of 
changing  substances,  1 74  et  seq. 
of  formation  of  compounds,  mean- 
ing of  term,  257  */  seq. 
of  neutralisation  of  an  acid  by  a 

base,  and  vice  versa^  269,  368 
produced    in  chemical    changes, 

study  of,  247  et  seq. 
produced  in  reactions  of  isome- 

rides,  174,  282 
specific,  of  solid  elements,  49, 60 
(See    also    thermal   chemistry^    and 
thermal  data. ) 
Helmholtz,  his  electro-chemical  in- 
vestigations, 382 
his  use  of  the  terms  free 

and  bound  enei^,  382 
on  chemical  equuibnum, 

383 
Hermann,  R.,  his  work  in  connexion 

with  specific  heats,  50 
HOFF,  J.  H.  VAN*T,  his  gravitational 

hypothesis      regarding 
atomic    valency,     135, 
note. 
his  hypothesis  r^^arding 
optically    active    com- 
pounds, 304  et  seq. 
his  law  of  osmotic  pres- 
sure, 452,  465 
his    work    on    chemical 

equilibrium,  374,  384 
his  work  on   velocity  of 
chemical  change,  360 
Hood,  his  experiments  on  the  velocity 

of  chemical  change,  360 
HoRSTMANN,  his  treatment  of  dissocia- 
tion-phenomena, 379 
HuMPiDGE,  on  spec,  heat  of  beryllium, 
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Rjxlfoflnoile  odd,  dermly  of  vapoui  of, 

ii6  na/e  [t.  AJdnk/a). 
Hydrogen  iodide,  disMciation  of,  393 
HydrtigeD,  replaceable,  iilusUalians  of, 

„         specific  heal  of.  56 

latrcHibenuits,  1 

Iodine,  aloniic  weight  of,  fixed  by  help 

of  periodic  law,  1^3 

„      retalive  deadly  of  vapour  of. 

Ions,  free,  in  solutions,  461 
IsAMeeRT,  his  work  on  diesodalion  of 

unnionium  hyiliosulphide,  400 
Uomeridcs,  (ormulB  for  finding  maxi- 
mum  number  of  tnonod 
atoms  in  moiccules  of,  144 
^^_   .„  heat  produced   or  used    m 


'  •■  petition, and. 

„  study  of.by  opiical  methods, 

laltlltq,  304.  311 
„  study  of,   by  Ihermnl   me- 

thods, 174  tl  iia. 
Isomorpbinn  of  compounds,  og 
„  of  etemenlSi  73 

„  Mitscheilich's  law  of,  Gg 

Isomorphous  crytlals,  meaning   to   be 

given  lo  this  cxpreiiion.  71 
tu>Ionic  solutions,  451 
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I,  hii  eleciTD- chemical  invcsiiga- 


KaNOnnixow,  his  wuik  on  refraction- 

ei^uiralentSi  19S  nalt 
KSKVi-e,  his  u«e  of  the  terms  atomic 
and  molecular  compounrls, 

Kei;ul£,  hia  work  on  valency  of  atoms. 


Kinetics,  chemical,  use  ol  lernt  explain- 


KoHLRAUSCH,  his  law  of  electrolytic 

conductivity,  418 
Kopp,   his   hypothesis    regarding    the 
alomi  of  cnrbon,  lioron,  and 
silicon,  67 

„        his  invesliga.tions  regarding  spe- 
cific heats  of  elcmen  la,  5 1('«?. 

„        his  investigations  regarding  ifie- 
cifie  volttmti,  319  tf  stq. 

LandoLT,  his  worl;  on  optical  activity 
of  carbon  compounds,  301 

Laurent,  his  definition  of  molecule 


1,   detailed   consideration   of, 

143  tt  stq. 
exceptions    10,      generally 

adopted   eipl  anal  ion    of. 

180 
eeometricali  181,  304,  445 
hypothesis    by    which     ei- 

plainedi  139,  iSi 
mathematical    eximlnation 

of,  by  Cayley,  14G  note 
meaning  of  term,  135 
thermally  considered,  174;/ 

«■?. 
physical,  1 


his  system  based  c 

gadro's  iaw,  34 
his  woric   on    equivalents, 
13 
n,  his  views  regarding  acids. 


Law,  Berthelot's,  of  n 
I79.  38.1 

of  Avogadro  (see  also  Avocad- 
BO),  13,  J7 

of  dilution,   as   rc^^rda  conduc- 
tivity, 414  et  stq. 

of  Uulone  and  Petit,  49,  60 

of  Gay-Lussac    {see    also   Gav- 

LUSSAC),    11 

of  Kohlrausch  regarding  electro- 
'■■■■-  conduclivitT,  418 


ofm 


CllVltT,  4 


of  molecular  lowering  of  freenng 

point,  76,  4fi 
of  osmotic  pressure,  451 
periodic  (see  also  ptriedii  iifw), 

Lehmann,  his  work  on  molecular 
pounds,  9  JO 
„  his  work  on  physical  is 

Lemoine,  his  studies  on  dissociation, 

393 
LlEBiG,  his  views  regarding  acids.  1 1 7 
Links,  or  bonds,  use   of  term,   in  hy- 
pothesis of  valency  (ace  also  iem/i), 


Long  and  short  periods,  13s 

Losses,  his  sriudsm  of  hypothesis  of 

bonds.  133,  rg3</i-y. 
,1         his  investigations  in  connexion 

with   ifeiific   vtlumc  of  the 

group  Clip  3)1 

garding  valency,  145 


Magnetic 


J 


486 


INDEX. 


*l 


Mallet,  his  determination  of  the  va- 
pour density  of  hydrofluoric 
acid,  1 26  note 

Marignac,  his  work  on  the  supposed 
element  hyponiobium,  75 

Mass-action,  law  of,  348  et  sea. 

Maximum    work,   Berthelots    law  of, 

Mendelejeff,  his  researches  in  con- 
nexion with  the  periodic  law,  123  etseq. 
Menschutkin*s  mvestigation  of  etheri- 
fication- values  of  alcohols  and  acids, 
331  et  se^, 
Metals,  action  of  acids  on,  100 
„       action  of  acids  on,  considered 
thermally,  264 
Metamerism,  143 

„        physical,  213 
Meyer,  L.,  nis  calculation  of  the  spe- 
cific heat  of  beryllium,  63 
his  remarks  on  affinity,  471 
his  work  in  connexion  with 

specific  volumes^  330 
his  work  in  connexion  with 
the  periodic  law,  223  et 
seq, 
Mitscherlich,    his    law   of  isomor- 
phism, 69 
Molecular  compounds,  general  remarks 

on,  200,  207, 
219 
Lehmann*s  work 

on,  208 
no  definition  of, 
possible,  200 
conductivity,  424 
groups,  existence  of,  in  gases, 

«03 
heats    of  solid    compounds 
help  to  determine  atomic 
weights  of  elements,  54 
heat    of  solid    compounds, 
meaning  of  expression,  54 
note 
lowering  of  freezing  point, 

law  of,  76,  45* 
phenomena   dealt    with   by 
statistical  methods,  99  note 
structure,  138,  154  note 
structure,      connexion     be- 
tween,    and     absorption- 
spectra,  314 
structure,      connexion      be- 
tween, and  affinity,  439 
structure,  connexion  between, 
and  arrangement  of  atoms 
in  space,  182 
structure,  connexion  between, 
and    etherification-values, 
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Molecular  structure,  connexions  be- 
tween, and  magnetic  ro- 
tatory  power,  311  ^/  seq. 

structure,  connexion  between, 
and  optical  activity,  303 
et  seq* 

structure,  connexionbetween, 
and  thermal  changes,  174 
et  seq.,  282 

structure,  examples  of  de- 
pendence of  function  of 
part  of  a  molecule  on 
arrangement  of  all  the 
parts,  163  ^  seq, 

structure,  examples  of  pre- 
sence of  certain  atomic 
groups  in  molecules,  151 
et  seq. 

theory,  general  sketch  of,  25 
et  seq. 

volumes,  317  ^  seq. 

weight  of  a  gas,  definition  of, 

3« 
weight  of  a  gas,  examples 

shewing  how  determined, 

35 
weight,  same  substance  may 

have  more  than  one,  35 

weights  of  elementary  gases, 

•  table  of,  33 

weights  of  substances  in  so- 
lution determined,  76,  456 
note 
Molecule,  atom,  equivalent,  the  terms 
contrasted,  24,  192 

dynamical  conception  o(  26 

physical,  compared  with  che- 
mical, conception  of, 
220 
Molecules  and  atoms,  distinction  be- 
tween, based  on  reac- 
tions, 106 

atomicity  of  elementary, 
table,  45 

attempts  to  measure  ther- 
mal changes  accompany- 
ing separation  of,  into 
atoms,  263 

in  which  isomerism  may 
occur,  146 

of  hydrogen,  &c.,  separate 
into  parts  during  chemical 
changes,  29 

saturated  and  unsaturated, 
use  of  terms,  145 

size  of,  28 
Monovalent  atoms,  formula  for  finding 
maximum  number  of,  in  a  molecule, 

144  ^  ^ 

Monovalent,  meaning  of  term,  120 
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Merfhttnpie  relnlions,  use  of  expres- 

OsTWALt 

■iuEby  Grtnh,  173 

a  base  between  twoacids, 
353.  373 

Twcenl  actions,  examples  of.  97 

Oxygen, 

atomic    weight  of,   data  for 

"             "             b,     Ihe      moieculir 

n  oxides,  spedtic  heal  of,  58 

Iheoiy.  98 

specific  heal  of,  56 

„            „       gcnernl    remaiks    on 

use  of  Ibe  expres- 

Periodic law,  applied  Ic  predict  proper-               | 

sion,  .09 

lies  of   unknown    ele- 

ments, 130 

on,  106 

applied  10  study  of  forms 

of    oxides    and    sails, 

■IKl,  his   wort  on  icfiaclion-equi- 

139 

Jents,  108 

IMANN,  liis  eiclension  of  Ihe  law  of 

applied  lo  study  of  pro- 

perties   of    beryllium. 

mlong  and  Petit,  jo 

'3* 

»L*N-Ds.  his   work    in    connexion 

applied  lo  study  of  pro- 

1th the  periodic  law,  113 

SON  atid  Pbttersson.  their  deter- 

perties  of  known  ele- 

ments, J31  tl  uq. 

ination  of  the  specilic  heat  of  benl- 

applied  to  study  of  pro- 

>m.6i 

perties  of  uranium,  734 

SON  and  Pbttersson,  their  work  in 

applied  to  study  of  valen- 

mneuon with  the  periodic  law,  ajj 

cies      of      elementary 

EORen,  spedfic  heal  of,  jj 

atoms,  »4i 

„        tetroxide,     relative     detisify 

general  remarks  on,  344 

nomenclature    employed, 

in.  J30,  13J 
statement  of,  113 

Htvi,  ctnlrai,  meaning  of  teim,  168 

r  and  rvtn  sirus,  137 

tables   shewing    arrange- 
ment   of   erement.   in 

riencies  of  elementary  atoms,  111 

n  chain,  meaning  of  term,  166 

accordance   with.  JJJ,                1 

fcally  active  compounds,  meaning 

136                                                1 

fexprewion,  199 

Periods,  hug,  short,  and  fnnsirion.  uie               d 

of   terms    in    nomenclature    of  the              M 

period  c  law,  735                                              I 

Jcal  acUviiy,  influence  of  inactive 

PEBKIK, 

on    the   connexions   betweeD                ■ 

molecular  stroclute  and  m^netic  ro-              ■ 

solventson,30i.3io 

lation. 

xnttie,/.                                             ■ 

-,.            ,,        of  solid  compounds, 

Petit  and  Dulonc.  their  law  regard-              ■ 

301 

ioK  specific  heals  of  solid  elemenls,               ■ 

49.60 

■ 

Hrf  chemical  aaiics.  189  ««?. 

PHTTEHSSON  (see  NlLSON)                                             ■ 

■  .  Otmotic  pressures,  451 

.186 

nlion,  399 

Phosphorus,  change  Imin  yellow  lo  red. 

,,            his  noution  used  in  ther- 

a  case  of  chemical  equi- 

H                           inal  chemistry,  151 

librium,  3C6                                  B 

^L         „            his   work    on   affinity-co- 

pentacbloridci  rclotivcdat-              fl 

^1                         effidenu  of   acids   and 

sily  of  vapour  of,  loi                   ■ 

^1                         boMs,  409  rl  tea. 

Physical 

of  chemical  statics,  14CI  tl  ita.                         ■ 

^H                        and    affiailies  of  acids, 

^H                         ^iietseq„^6o 

lion   of  sulphuric  acid   on  Copper,                \ 

H                     Ins  work    on    connexions 

Plane-sy 

I 

^^                           belween     affinities    and 

nmttrif  molecules,  use  of  lam,               1 

^^                      eonstiiulion  of  acids,  439 

(84 
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^H                             Itq. 

PoUrily, 

use  of  term  by  Berzellua,  114                 J 
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Poljrmerism,  141 

,,  physical,  113 

Polymorphism,  73 

POTILITZIN,  his  experiments  on  in- 
fluence of  mass  in  chemical  changes, 
176 

Radicles,  compound,  116,  119,  151 
„  „  possess  a  definite 

replacing  power, 

Ramsay,  his  experiments  in  connexion 

with  specific  volumes^  320 
Ramsay   and    Young,    their   experi- 
ments on  vapour  density  of  acetic 
acid,  390 
Raoult,  his  law  of  molecular  lowering 

of  freezing-points,  76,  453 

Rathke,  on  molecular  compounds,  201 

Refraction-equivalent  of  a  compound, 

is  it  equal  to  sum  of  equivalents  of 

elementary  constituents?  292  et  seq. 

Refraction-equivalent,  meaning  of  term, 

aoo 
Refraction-equivalents,   connexion   be- 
tween and  structure  of  carbon  com- 
pounds, 29 1  et  seq. 
Refraction-equivalents,  formulae  for  de- 
termining, 290 
of    elementary 

atoms,  295 
of   solid    com- 
pounds,  298 
note 
Regnault,  his  researches  on  specific 

heat,  50 
Reynolds,  R.  £.,   his  determination 

of  the  specific  heat  of  beryllium,  62 
RiCHTER,  his  work  in  connexion  with 

the  atomic  theory,  7 
Rose,  H.,  his  supposed  discovery  of  an 

allotropic  form  of  niobium,  75 
Rotatory  power,  specific,  determination 

of,  300 
„  specific,  meaning  of  ex- 

pression, 300 

Saturated  and  unsaturated  molecules, 

use  of  terms,  145 
Scandium,  identical  with  eka-boron^  231 
SCHIFF,  his  work  in  connexion  with 

specific  volumes^  320 
Series^  use  of  term  in  nomenclature  of 

the  periodic  law,  237 
Side  chain,  meaning  of  term,  166 
Silicon,  carbon,  and  boron,  Kopp's  hy- 
pothesis regarding  atoms  of,  07 
„       specific  heat  of,  63 
Silver   chloride,  compounds   of  with 

ammonia,  dissociation  of,  394 
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Sodium  phosphate,  dissociation  of,  397 
Solution,  BerthoUet's  views  regarding, 

370 
Specific  heat  of  beryllium,  62 

boron,     carbon,     and 

silicon,  63 
oxygen  in  oxides,  58 
Specific  heats  of  compounds,  generalisa- 
tion of  Gamier  and 
Cannizzaro      regard- 
ing,  51 
,,    of  compounds,  generalisa- 
tion of  Neumann  re- 
garding, 50 
„     of  elements,  law  of  Du- 
long    and    Petit    re- 
garding, 49,  60 
„     of  elements,  table,  5 1  etseq. 
„     ofsome  elements  determin- 
ed indirectly,  54  etseq. 
Specific  refractive  energy,  meaning  of 
expression,  290 
„        rotatory  power,  determination 

of,  300 
,,        rotatory   power,  meaning   of 
expression,  300 
unipolarity,  use  of  expression 

by  Berzelius,  114 
volume  of  a  compound  proba- 
bly equal  to  sum  of  volumes 
of  elementary  constituents, 

3i9»  328 

volume  of  carbon  and  of  oxy- 
gen varies  according  to  the 
valency  of  the  atom  of  each 
element,  319  ^/  seq, 

volume,  meaning  of  expres- 
sion, 317 

volumes  of  atoms  in  molecules 
vary  according  to  distribu- 
tion of  interatomic  reac- 
tions, 322 

volumes  of  hydrated  and  de- 
hydrated salts,  327 

volumes  of  solid  compounds, 

325 
Spring,  his  experiments  in  connexion 

with  allotropy,  142  note* 
Stability,  vagueness  of  theterm,  178, 465 
SXiEDEL,   his   experiments  on  specific 

volumes  of  carbon  compounds,  323 
Statics,  chemical,  questions  of,  studied 
by  physical  methods,  246 
chemical,  use  of  expression,  ex- 
plained and  illustrated,  6,  329 
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Tables  of  affinity,  341,  440 — 445 
Table,  atomic  weights  of  elements,  48 
atomic  weights  of  elements,  data, 
39.86 
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■,  ilomiclly  o(  elementary   mole- 

dnla  for  find  ing  maximum  alnmic 
widgbl  of  oxygen,  j6 

illustrating  etecdical  coiiduc- 
tiriliesandvelocity-consUnls 


tcSBcds     conductivities 

ockU,  4*5 
illustrating    saponification  ■ 

locitics  and    electrical    ci 

doctiviticE  of  bases,  416 
molecular  weights  of  eleme 

ory  gases.  33 
periodic    anangemenl   of  c 

mcDls.  HJ,  136 
relative  alfinitics  of  the  acii 
-445 


„  retalive  densities  of  halogens, 
nitrogen  Ictroxidr,  and  phos- 
phorus pent4fhIoHde.  )0), 
103,  106,  107 

,.       apvciAc  heats  of  elements.  }i 

,,       itermo-alomic    wi^ighla   (Reg- 
nant t),  50 
relluiium.  atomic  weight  of,  fixed  by 
y    application  of  the  penoilic  law,  ij.j 
^  Thctmal  chemislt]^,  attempts  made  in. 
to  distinguish  between  Ihc 
two   parts    of   a    chemical 
change,  »4S,  161.375 

„  chemistiy,  Berthelol's  three 
principles  of,  178 

„  cbcmisiry.  illustrations  ol  me- 
thods of  calculation  used  in, 
1  jj  et  ley. 

.,  chemistry,  need  of  considering 
action  of  ex,-eis  of  reacting 
sobslances  in,  176 

,.  chemistry,  need  of  considering 
physical  conditions  ofdiang- 
uig  systems  in,  175,  177 

,.  chemistry,  noiAtion  used  in, 
148.  151 

„  chemiilry,  principles  on  which 
based,  147 

,,  chemistry,  tie  law  a/  vuui- 
mmtn  viork  in.  179.  383 

„  data,  applied  to  action  of  acids 
on  metals,  164  tl  siq. 

,.  data,  applied  to  action  of  con- 
centrated and  dilute  bydri- 
odie  acid,  153,  160 

„  data,  applied  to  action  of  sol- 
phurMled  hydrogen  on  me- 
tallic salts.  i6q  rt  ug, 

..       data,  applitd  to  allotrupy,  i6fi 

„  data,  applied  to  clamhcation 
ol  acids  and  basu.iSgf/^iy. 


Thermal  data,  applied  to  classification 
of  compounds,  168  1/  itq. 

data,  applied  to  classilicition 
of  elements,  1G6 

data,  applied  to  study  of  affi- 
nity, 368.  410,  471 

data,  applied  to  study  of  iso- 
merism,  tuilsiq. 

data,  examples  of  attempts  to 
analyse,  177 

data,  influence  of  temperature 

methods  used  in  chemistry,  14  7 
Thermodynamical  methods  applied  to 
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,,         his  investigations  in  connex- 
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Traubb,  his  experiments  in  connexion 
with  nascent  actions,  io6 

Tribe  (see  Gladstone) 

Tnmorphism,  73 

Troost  and  Hautefeuille,  their  ex- 
amination of  change  of  yellow  to  red 
phosphorus,  366 
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„        specific  heat  of,  59 
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136  note 
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Volume,  atomic,  of  elements,  curve  of, 
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cule of  hydrogen  into  atoms,  363 
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